Development of CVD Diamond Radiation Detectors by Galbiati, Arnaldo
UniS 
Development of 
CVDDiamond 
Radiation Detectors 
Arnaldo Galbiati 
Supervisors: Dr. P.J. Sellin 
Prof. B. Sealy 
Thesis submitted for the Degree of 
Doctor of Philosophy 
from the 
University of Surrey 
School of Electronics and Physical Sciences 
University of Surrey 
Guildford, Surrey GU2 7XH, UK 
September 2003 
© A. Galbiati 2003 
Abstract 
Chemical vapour deposition (CVD) diamond is a very interesting material for the 
fabrication of radiation detectors, particularly for X-ray dosimetry. CVD diamond 
could potentially be used for large-area X-ray sensors, it is extremely radiation hard, 
can withstand high temperatures and highly corrosive environments, and is also 
"tissue-equivalent" in regard to X-ray absorption. In fact, there exist several 
applications where other standard semiconductor detectors do not fulfil those specific 
requirements. In this work we report on the fabrication and characterisation of CVD 
diamond radiation detectors and we describe how this material, even though of a 
polycrystalline nature, is readily of great interest for applications as a solid state X-ray 
dosimeter and alpha particle sensor. We have characterised the detectors using I-V 
measurements, photo current response to 30 KV(peak) X-ray pulses and their response 
to 241Am alpha particles. Ion beam induced current (rnIC) studies have also been used 
to investigate charge transport within single diamond crystallites. Ion implanted 
ohmic contacts have also been developed using boron to graphitise the diamond 
surface and produce high-quality non-metalised ohmic contacts. 
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1 Introduction 
This thesis is part of an ongoing project at the University of Surrey aimed at the 
development of chemical vapour deposition (CVD) diamond radiation detectors. 
Diamond has a combination of unique properties which makes it an attractive 
material for radiation detection applications. It is a semiconductor with a high band 
gap (5.5 e V) which can be operated at high temperatures. It exhibits high values of 
resistivity (>1014 Qcm), mobility (up to 4500 cm2 V-I S-I [Isb02]) and electrical 
breakdown field (107 V cm-I). 
Its extremely high radiation tolerance is an ideal feature for radiation detection in 
high-energy physics experiments conducted at CERN in Geneva. 
Diamond is also an extremely interesting material for bio-medical applications. It is 
chemically inert inside the body and it is completely non toxic. Diamond is to be 
considered as a "tissue-equivalent" material since its atomic number (Z=6) is close to 
the effective atomic number of soft tissue (Zeff=5.92 for fat and Zeff=7.4 for muscle). 
An X-ray diamond dosimeter is able to measure directly the absorbed dose in 
biological tissue where the energy deposited by low-energy gamma or X-rays «150 
ke V) is highly dependent on the atomic number of the material. The high radiation 
tolerance, a small active volume and high sensitivity make diamond detectors also an 
ideal device for in-vivo dosimetry in radiotherapy. Some drawbacks appear in usual 
dosimeters like ionisation chambers that are characterised by high voltage 
requirements and poor space resolution, while silicon diodes suffer from energy and 
temperature dependence. Diamond is also extremely resilient to corrosion, allowing 
its application to nuclear particle detection in very hostile environments. 
In the early 1970s, Kozlov et al. at the Lebedev Physics Institute in Moscow began to 
exploit the properties of diamond for radiation detection, they used selected mono-
crystalline diamond stones of extremely high electronic quality. Those natural 
diamond dosimeters are very expenSIve due to the shortage and difficulty in 
identifying suitable stones that exhibit the properties required for radiation detection 
applications. 
To overcome this problem in the 1990's the Chemical Vapour Deposition (CVD) 
technique was developed. This method allows the fabrication of artificial sheets of 
9 
diamond under controllable conditions and it has proven to be able to produce low-
cost "detector-grade" diamond films suitable for applications in radiation detection. 
This technique presents many advantages like low cost, high-impurity control and 
good reproducibility, and it is also able to synthesise large-area detectors for possible 
medical imaging applications. 
CVD diamond is a polycrystalline material with a columnar structure. The material 
grows initially with small disordered grains on the substrate side, these grains increase 
in size with material thickness and can reach diameters of up to 100 J-lm on the growth 
side. The typical thickness of electronic-grade CVD diamond film ranges from 20 J-lm 
to several hundred microns, and can be fabricated in wafers with diameters of up to 6 
inches. 
The principle of radiation detection in diamond relies on the creation of electron-hole 
pairs within the diamond from the interaction of the incident particles or photons to be 
detected. An applied electric field in the material forces the charge carriers to move 
towards the electrodes, inducing a transient electrical signal on the device. 
In this work we have fabricated coplanar CVD diamond detectors consisting of inter-
digitated electrodes situated only on the 'growth' side of the diamond film. This 
device geometry produces lateral electric field distributions close to the growth 
surface of the film, causing transport of the electrons and holes created by incident 
radiation to be predominantly within the larger, better ordered, near-surface 
crystallites. In this way a coplanar diamond device exploits the improved charge 
collection efficiency of the CVD film close to the growth surface. where the diamond 
crystallites are significantly better-ordered and largest in size. 
We investigated the performance of the coplanar diamond structures for use as 
ionising radiation detectors, particularly for the detection of alpha particle and X-ray 
radiation. The spectroscopic performance of these devices for the detection of alpha 
particles was characterised, with the aim of identifying the relative effects of different 
electrode materials and geometry, and of diamond material quality on the device 
performance. In addition the detector response to 30 kV(peak) X-ray irradiation was 
investigated for possible medical dosimetry applications. 
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2 Theory 
2.1 Properties of Diamond 
The name' diamond' derives from the greek word 'adamas ' meaning invincible, being 
the hardest material known on our planet we may say that its name is highly 
appropriate. Diamond is one of the geometrical forms in which carbon exists in 
nature, its structure is characterised by the fact that every carbon atom is covalently 
bonded to four others forming a regular tetrahedron shape. This bonding involves sp3 
orbitals to form a cubic lattice of extreme rigidity and strength with a narrow bond 
length of 0.1545 nm, the whole diamond crystal thus results in being one huge 
molecule. 
Figure 2-1 : Diamond tetrahedron (from ww.pdymorf.netlmatter14.htm) 
11 
t 
[Ill] 
Figure 2-2: Cubic diamond structure (picture from http://www.polymorf.netlmatter14.htm ) 
In graphite, the alternative form of carbon at normal pressures, we have sp2 
hybridisation that forms three coplanar covalent bonds producing planar hexagonal 
sheets with a bond length of 0.1415 run. 
t 
[0001] 
Along [0001] 
Figure 2-3: Hexagonal Graphite Picture from http://www.phy.mtu.edul-jaszczaklstructure.html 
Between the hexagonal sheets we have very weak van der Waals bonds separated by 
0.3354 run. Those characteristics make graphite a completely different material from 
diamond, diamond being extremely hard and insulating while graphite is a very 
mechanically weak and conductive material. The possibility of turning diamond into 
graphite via ion implantation was one aspect of this project that was investigated. 
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Property Value Units 
Hardness 10,000 kg/rrun2 
Sound velocity 18,000 mls 
Density 3.52 g/cm3 
Thermal conductivity 20.0 W/cm-K 
Optical index of refraction (at 591 lDimensionles 
2.41 
nm) s 
toimensionles 
Dielectric constant 5.7 
s 
Electron mobility 2,200 cm2N-s 
Hole mobility 1,600 cm2/V-s 
Electron saturated velocity 2.7 x 107 cmls 
Hole saturated velocity 1.0 x 107 I cmls I 
small and On [111] 
Work function 
negative surface 
Bandgap 5.45 eV 
Resistivity 1013 _ 1016 Ohm-cm 
Table 2-1: Principal Properties of Diamond [Spe94]. 
Diamond exhibits extremely high thermal conductivity combined with very low 
electrical conductivity, at room temperature diamond is one of the best thermal 
conductors. Another feature of diamond is its melting temperature of 4363 K, the 
highest of any known substance. 
The electrical properties of diamond are mainly determined by its large band-gap of 
5.45 eV. This band-gap energy is much larger than the thermal energy kT at room 
temperature (0.026 e V at 300 K). The number of electrons that can escape from their 
surroundings and contribute to conductivity is given by the formula [Sze01]: 
13 
n == 8 X 1019 exp -( Eg J cm-3 
2kT 
Eg.2-1 
where Eg is the diamond's energy gap of 5.45 e V, k the Boltzmann constant and T the 
temperature, this gives a numerical value of 2.37 x 10-27 conduction electrons per cm3 
at room temperature (300 K), compared to the much higher room temperature electron 
density of 1.5 x 1010 cm-3 in silicon and 2.4 x 1013 cm-3 in germanium. We can also 
calculate the value of diamond resistivity p using the following equation [KnoOO]: 
1 p=----
en(J.1e + J.1h) 
Eg.2-2 
where e is the electronic charge, n the electron density ,L{eand J.1h the electron and hole 
mobilities. Inserting numerical values for diamond ,L{eand J.1h at room temperature 
(2200 cm2 V-I S-1 and 1600 cm2 V-I S-I) we have: 
p = 6.9 X 1041 Q cm 
Eg.2-3 
which compared to the intrinsic p value for silicon at room temperature of 2.3 x 105 
. Q cm is extremely high. The actual measured resistivity for diamond is in the range 
1013 - 1016 Q cm because any atomic impurity present in the material will contribute 
to the overall electron density. The high resistivity of diamond makes it an insulator, 
although very often it is referred to as a semiconductor material as it has similar 
properties to silicon and germanium, all of them being elements in the fourth group of 
the periodic table. 
2.1.1 Raman Spectroscopy 
A very important tool in the investigation of diamond is the Raman spectrum of 
scattered wavelengths: the electromagnetic radiation around the visible wavelength 
region is inelastically scattered in diamond, interacting with a quantized mechanical 
disturbance ('phonon') in the lattice, some of the energy of the incident photon may 
be transferred to the crystal, in which case the emerging photon has a longer 
wavelength producing a very sharp and distinctive peak in the spectrum at a 
wavenumber of 1332 cm-1. If this peak is present and very narrow it means that we 
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are in the presence of a high quality diamond material (see Figure 2-4 below for a 
typical pure diamond Raman spectrum). 
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Figure 2-4. Typical Raman spectrum of high quality natural diamond [Kni89] 
The Raman spectrum of natural diamond shows a sharp, single peak centred at a 
wavenumber of approximately 1332 cm"I. This feature also dominates the Raman 
spectra of high quality, polycrystalline diamond film grown by CVD methods. 
However, additional peaks may be observed in the spectra which are characteristic of 
non-diamond contamination, depending on the deposition conditions (such as in films 
grown with high methane concentration in gas phase). In Figure 2-5 different Raman 
spectra of graphite show a broad feature centred on 1580 cm"I. When characterising 
CVD diamond films, the observation of any broad resonance at higher wavenumber is 
generally taken to indicate the presence of graphite-like non-diamond phases 
containing Sp2 -bonded carbon atoms. Figure 2-6 shows a CVD diamond sample that 
presents a shoulder band about 1550 cm"I indicating the weak presence of graphite. 
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Figure 2-5: Raman spectra of crystalline graphites [Kni89]. 
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Figure 2-6: Raman Spectrum of a CVD diamond with traces of graphite[Kni89]. 
The full width half maximum (FWHM) of the 1332 cm"! Raman line is another 
measure of film quality; good quality CVD diamond films normally produce peaks 
with a FWHM of 1.7-10 cm"t, in Figure 2-7 we can see that a high pressure synthetic 
diamond produced by General Electric has a line width of 1.7 cm"!, while natural 
diamonds tend to have widths in the range of 2 cm"!. The lines of CVD diamond films 
range from 40 cm"! down to widths of 2 cm-! comparable to natural diamond. In 
Figure 2-8 it is possible to see Raman spectra of films prepared with different ratios of 
methane and hydrogen. We can see that the spectrum of the film prepared with 2% 
methane is dominated by the bands of graphitic carbon (see following section 2.1.3 
for CVD process) [Kni89]. 
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Figure 2-7: Raman line shapes for various diamond and diamond-like carbon [Kni89]. 
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to the silicon substrate [Kni89], 
2.1.2 Chemical Vapour Deposition of Diamond 
Diamond is not the stable form of carbon at normal temperatures and pressure. 
Graphite is more stable at all temperatures up to the melting temperature (3850 C at a 
pressure of 14 GPa), but in the presence of a pressure superior to 2 Gpa diamond 
becomes the stable form. This is what happens in nature as diamond is created deep 
underground in the Earth crust due to enormous pressures and temperatures (see 
Figure 2-9). 
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Figure 2-9: Phase diagram for carbon [Bun80]. 
The early attempts to make diamond followed the recipe used by nature: high 
temperatures plus high pressures (HTPT), but a breakthrough occurred when it was 
discovered that diamond can be artificially produced under entirely different 
conditions by the 'chemical vapour deposition' process, which doesn' t require 
extreme temperatures and pressures. The first successful diamond CVD process was 
developed by W.G. Eversole and colleagues at the Union Carbide Corporation in the 
USA in 1952. The same research studies were started at the Physical Chemistry 
Institute, Moscow, by B. V. Deryagin in 1956 and continued by Spitsyn who, in 1981 , 
grew diamond crystals on non-diamond substrates (but without revealing much about 
the method used). From the 1980's various researchers in Japan have been at the 
forefront of CVD growth developments, in particular Matsumoto, Matsui, Setaka, 
Sato and Kamo [Ang89]. 
It has proved very difficult to find a non-diamond substrate on which growth of the 
new crystal layer has the same crystal orientation as the substrate material (epitaxial 
growth). Most researchers have used single-crystal silicon as the substrate, and in this 
case growth starts at random points with random orientation. The first observation of 
the growth of faceted crystals of diamond on a silicon substrate was reported by 
Deryagin in 1976 [Ang8 9]. From the nucleation seeds deposited on the substrate a 
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polycrystalline film of diamond is formed containing crystallites in a range of 
different crystallographic orientation. Recently, the work of Werner and Locher 
[Wer98] has shown that certain conditions during the CVD process and preparation of 
the substrate can be used to control the nucleation process with the aim of producing 
oriented films in which the crystallites have the same or similar crystallographic 
orientation. Most of the more recent work reported in the literature has used hydrogen 
with a few per cent of methane or ethane as the gas phase, but Kawato and Kondo 
[Kaw87] reported that the presence of oxygen can improve the quality of the 
deposited diamond, and also increase the growth rate and inhibit the production of 
graphite. 
Electron micrographs showing these features can be seen in Figure 2-10 and Figure 
2-11. Studies have been made of the variation of growth speed with crystallographic 
orientation, like in the work of Chu [Chu91]. 
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Figure 2-10: Top view of a polycrystalline CVD diamond film grown using the Hot Filament method 
on a Si substrate. Process gas mixture was 1 % methane in H2. (from 
www.chm.bris.ac.ukJptJdiamond/semflat.htm) 
Figure 2-11: Cross-section of a 100 J.t m-thick CVD diamond film grown by DC arc jet. The columnar 
nature of the growth is clearly evident, as is the increase in film quality and grain size with growth 
ti me. (from http://www.chm.bris.ac.ukJptJdiamond/semflat.htm) 
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Figure 2-12: The initial stages of nucleation of diamond, on a Ni substrate. (from 
www.chm.bris.ac.ukJptldiamond/semtlat .htm) 
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2.1.3 CVD growth process 
In the CVD process we have a gas mixture of hydrocarbons (typically a few percent 
of methane or ethane), oxygen and hydrogen at low pressure. When this gas mixture 
is given energy (using hot filaments , direct current arc jets, microwave-generated 
plasma) free radicals are generated in the plasma and under specific conditions, 
typically 0.5 % methane, 80 torr of pressure and 980°C of temperature, these adhere 
to pre-existing diamond powder and gradually build up layers of crystalline diamond. 
<0> dlamond 
no growth 
o noo-<iiamon·d carbon 
o posilion of undilUle<J 
co mpou nd 
orientlllion l in~ 
Ilmil 0' dlamonO 
domain 
/ sol of connected 
experimental data 
Figure 2-13: Atomic C-H-O diamond deposition phase diagram showing the diamond domain . The 
diagram comprises more than 80 deposition exeperiments from over 25 references [Bac91] 
The rate at which the film increases in thickness varies from a few ,urn per hour to a 
hundred or more. Figure 2-13 shows the the Bachmann diagram which is a Carbon-
Hydrogen-Oxygen composition ratio diagram based upon over 80 deposition 
experiments in different reactors and using different process gases [Bac91]. The plot 
has the form of a ternary diagram (in which the atomic proportions of carbon, 
hydrogen and oxygen form the axes), on which the region most favourable for CVD 
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deposition of diamond is shown as a narrow triangular region in which the proportions 
of carbon and oxygen are approximately equal. 
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Figure 2-14. Schematic diagram of the diamond growth mechanism (in red colour the new bonds 
formed) [MorD2] 
In the CVD growth process, the gaseous species first mix in the chamber before 
diffusion toward the substrate surface. They pass through a region which provides 
energy to the gas (using a hot filament or microwaves generally), This energy causes 
molecules to fragment into reactive radicals and atoms, creating ions and electrons, 
and heating the gas up to temperatures reaching a few thousand kelvins; then the gas 
molecules react with the surface and if all the conditions are suitable, there is the 
growth of diamond (Figure 2-14). 
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Figure 2-15: Mechanism for CVD diamond growth [Mor02] 
The mechanism for CVD diamond growth is as shown in Figure 2-15. During growth, 
the diamond surface is nearly fully saturated with hydrogen. This coverage limits the 
number of sites where the CH3 radical may become attached, and also blocks 
migration sites once they become attached. Then atomic H attracts a surface H to form 
H2, leaving behind a reactive surface site. Afterwards this surface site reacts with 
another nearby H atom, returning the surface to its previous stable situation. 
Occasionally a gas phase CH3 radical can collide and react with the surface site, 
effectively adding a carbon to the lattice. This process of H leaving the surface and 
methyl addition on the surface may then occur on a site adjacent to the attached 
methyl; if another H leaves the surface and creates a radical which attacks the other 
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nearby carbon group, a ring structure is created locking the two carbons into the 
diamond lattice. 
To summarise, the basic steps involved are: 
• Generation of free radicals in the gas phase: 
H + Cf4 = CH3 +H2 
• Addition of hydrogen to the diamond surface: 
H + Cdiam = CdiamH 
• Hydrogen leaving the surface to form a surface carbon radical: 
H + CdiamH = Cdiam + H2 
• Attachment of a methyl radical CH3 to the diamond surface: 
Diamond growth can be considered to be a step by step addition of carbon atoms to 
the existing diamond lattice, using hydrogen as the fundamental catalyst for the 
process. 
During the CVD diamond growth there is an initial phase in which the crystallites 
expand laterally until they make contact, then the film develops its typical columnar 
structure as the crystallite begins to form. The final result is an increase in crystallite 
size as it grows further away from the nucleation side. So one of the fundamental 
characteristics of CVD diamond is having a nucleation side full of small crystallites 
while the growth side presents crystallites that can have a diameter of up to hundreds 
of microns in the best cases. 
Many companies around the world have embarked on the manufacture of the material 
for a variety of industrial applications like: 
• window applications such as high-power IR laser windows, high-power 
microwave windows and durable windows for aggressive environments 
• diamond heat-spreaders for the cooling of high-power electronic devices (laser 
diodes) 
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• Substrates for Surface Acoustic Wave (SAW) Devices 
• X-ray windows, lithography masks 
• Cutting tools 
• Wear resistant coatings 
• Temperature and pressure sensors 
• Cold electron emitters 
• Detectors: particle and UV radiation 
At present two research groups have successfully developed the first sample of a 
monocrystalline CVD diamond, a result which represent a real breakthrough in the 
history of CVD diamond technology. The first group is a joint collaboration between 
De Beers Industrial Diamonds in the U.K. and the ABB Innovative materials group in 
Sweden and is composed of Isberg, Hammersbeg, Johansson, Wilkstroem, Twitchen, 
Whitehead, Coe and Scarbrook. Their sample was synthesized with a microwave 
plasma CVD reactor and epitaxial CVD diamond layers were deposited on a <100> 
oriented HPHT synthetic diamond substrate; the growth conditions made use of a gas 
mixture consisting of hydrogen+ 5.5% methane+ 10% argon, and a pressure> 15 kPa 
at a substrate temperature of 830°C [Isb02]. The second research group that has so 
far succeeded in growing a single crystal CVD diamond sample is in Japan and is 
formed by a collaboration of Hokkaido and Osaka University, Sumitomo Electric 
Industries Ltd. And the Japan Atomic Energy Research Institute. In this case as well 
the single crystal was grown by a plasma assisted CVD method on a <100> surface 
of a diamond substrate synthesised by the HPHT method. This single crystal diamond 
contained less nitrogen and boron impurities than the lower detection limit of 
secondary ion mass spectroscopy (SIMS) [Kan03], This new monocrystalline CVD 
diamond will prove fundamental for the development of new radiation detectors and 
for a better understanding of the role played by crystal defects and impurities in the 
performance of CVD diamond radiation sensors. 
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2.2 Radiation interactions in matter 
What we call ionising radiations are essentially photons, charged particles (like 
electrons, protons, alpha) and neutral particles like neutrons. 
To detect radiations scientists make use of the fundamental mechanisms by which 
radiations interact with matter, this interaction is basically a transfer of energy of the 
incident radiation to the electrons of the constituent atoms of which the detector is 
made. 
Photons that interact with matter can either be scattered or absorbed by the material, 
depending on the photon energy and on the electron density of the target material: 
• We have Elastic Scattering (Rayleigh scattering) when photons exchange part 
of their energy with the electrons of the material and then elastically scatter. 
An example of Rayleigh scattering is the scattering of light off of the 
molecules of the air, giving the blue sky. Rayleigh scattering can be 
considered to be elastic scattering since the photon energies of the scattered 
photons is not changed. Scattering in which the scattered photons have either a 
higher or lower photon energy is called Raman scattering. Usually this kind of 
scattering involves exciting some vibrational mode of the molecules, giving a 
lower scattered photon energy, or scattering off an excited vibrational state of 
a molecule which adds its vibrational energy to the incident photon. 
• When a photon transfers all its energy to ionise an atom, so liberating an 
electron, we have the Photoelectric Effect, with the absorption of the photon 
by the incident atom. 
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Figure 2-16: Photoelectric effect and Compton Scattering 
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• When a photon collides with an electron and transfers only part of its energy 
to it we have what is called the Compton Scattering Effect. Because all 
angles of scattering are possible, the energy transferred to the electron can 
vary from zero to a large fraction of the photon energy. The compton scatter 
equation relates the incident photon energy hv to the scattered photon energy 
h/ and the scattering angle e for any given interaction: 
hv i = hv 
1+ hV
2
·(1-cos(e)) 
moc 
Eg.2-4 
where moc2 is the rest mass energy of the electron (0.511 MeV), for small scattering 
angles very little energy is transferred and even when e = n some energy is retained 
by the striking photon. 
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Figure 2-17: Compton Scattering Effect 
• When a photon comes near a strong electric field, as happens near a charged 
nucleus, and carries an energy of 1.02 MeV or more, we have what is called 
Pair Production: the photon's energy creates an electron and a positron, with 
the photon being absorbed. All the excess energy carried by the photon above 
the 1.02 Me V required to create the pair goes into kinetic energy shared by the 
positron and the electron. The positron will subsequently annihilate after 
slowing down in the absorbing medium and two annihilation photons will be 
produced as secondary products of the interaction. 
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Figure 2-18: Diagram of the interaction of electromagnetic radiation with matter [Ref.: 
http://hyperphysics. phy-astr .gsu.edu] 
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Figure 2-19: Occurrence of the different radiation interaction processes for different absorber materials 
and photon energies [Eva82] 
The occurrence of the different radiation interaction processes for different absorber 
materials and photon energies is illustrated in Figure 2-19. The line at the left 
represents the energy at which photoelectric absorption and Compton scattering are 
equally probable as a function of the absorber atomic number. The line at the right 
represents the energy at which Compton scattering and pair production are equally 
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probable. In Figure 2-19 it is possible to see that three distinct areas are defined 
where the effects of photoelectric absorption, Compton scattering and pair production 
are the predominant interaction process taking place. In diamond (Z=6) the 
photoelectric effect is predominant below 30 ke V, between 30 ke V and 20 Me V the 
Compton effect is dominant, while photons with energies superior to 20 Me V result in 
Pair production dominant effect. 
The ratio between the number of transmitted photons 1 through a material of thickness 
t and the number of original photons 10 is a probabilistic process that follows a simple 
exponential equation: 
Eq.2-5 
where p is the density of the material and J.! is the linear attenuation coefficient that 
represents the probability of absorption of photons per unit path length in the 
absorbing material. The ratio J.!Ip is known as the mass atte,nuation coefficient of the 
material and is related to the degree of attenuation in proportion to the electron 
density of the absorber. Making use of the software XCOM by M. J. Berger and J. H. 
Hubbell (which is a computer program and data base used to calculate photon cross 
sections for scattering, photoelectric absorption and pair production, as well as total 
attenuation coefficients, in any element, compound, or mixture, at energies from 1 
ke V to 100 Ge V) the mass attenuation coefficient for diamond can be calculated at 
different energies for a sample thickness of 0.1 cm. Using Eq.2-5 we generated a 
graph that describes the absorption of photons in a diamond (Figure 2-20). From the 
figure it is possible to see that for photon energies below 10 Ke V all the photons are 
absorbed in the 0.1 cm thickness of the sample. Between 10 and 30 KeV there is a 
sharp decay that brings down the absorption percentage to 10%, above the energy of 
30 KeV the absorption drops very little as the photon energy increases. 
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Figure 2-20: Total photon absorption in 0.1 em thick diamond 
Charged particles such as alpha particles and protons interact with a material by losing 
energy due to the Coulomb interaction between the positively charged incoming 
particle and the negatively charged electrons of the detector. 
This energy loss is described by the Bethe-Bloch formula which describes the 
differential energy loss of the particle divided by the corresponding differential path 
length in the material: 
dE I ~Z2 £,4 1il ~~ ,\T B 
if> .i a ' 
7ne. v.;c; dx 
Eq.2-6 
where B is 
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Eq.2-7 
where the particle has charge Ze and velocity v, and the absorber has Na atoms per 
unit volume of atomic number Za. The parameter I is interpreted as a mean atomic 
excitation potential incorporating all excitation and ionisation processes. As alpha 
particles are non-relativistic, only the first term in B is significant. From these 
equations, it can be seen that the specific energy loss is greatest for high density, high 
Z absorbers where there is a high electron density, and also for ions in higher charge 
states. 
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Figure 2-21: Specific energy loss of an alpha particle penetrating matter [KnoOO] 
Figure 2-21 shows the specific energy loss of an alpha particle penetrating matter. In 
diamond the maximum penetration of a 5.49 MeV alpha particle from an Americium-
241 source is ~ 13 f.1m. 
2.3 Radiation detection mechanisms in diamond 
Radiation detectors of many types have been developed over the years. In many of 
these, including the category of solid-state detector to which diamond detectors 
belong, the mechanism by which the transit of radiation through the detector is sensed 
is the generation of an electrical signal in an external circuit. 
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Diamond can sustain a high electric field without breaking down (107 V cm-\ The 
two main designs, with electrodes front and back (called the sandwich structure) or 
interdigitated, are shown schematically in Figure 2-22 and Figure 2-23. 
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Figure 2-22: Diamond detector in coplanar configuration 
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Figure 2-23: Diamond as a solid state ionisation chamber in 'sandwich' configuration 
A charged particle, or a photon with energy above the bandgap, passes through the 
diamond and ionizes it (energy to form e-h pair: 13 eV) generating electron-hole 
pairs, which are separated by the electric field between the electrodes. Some of the 
charge carriers are trapped within the diamond at defects and grain boundaries and 
may contribute to space charge, which builds up and polarizes the crystal. Others are 
collected by the electrodes and contribute to the photoconductive current in the 
detector. 
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In the absence of an externally applied electric field, the electrons and holes, which 
are both able to move within the diamond lattice, would normally recombine quickly. 
However, if a field is applied, the electrons and holes move away from one another. 
The signal in the external circuit is generated merely by the movement of charge 
within the detector, and it is important to realise that it does not require that the 
induced charges reach the boundary where the electrodes are situated. The size of the 
signal obtained may be calculated by several methods, ranging from a simple energy 
conservation argument applicable to a uniform field situation, to more sophisticated 
methods applicable to an arbitrary field configuration. 
If charges + q and - q move apart a distance x in a uniform electric field E the work 
done by the power source maintaining the field is qxE . If the width of the gap is I and 
the applied potential difference is V the electric field is 
V E=-
I 
Eq.2-8 
and the work can be written as qxV/l . 
In order to deliver this amount of energy to the detector a transient current passes 
around the circuit, and the time integral of this current, i.e. the total charge which 
flows, say Q, is given by dividing by V: 
Q= qx 
I 
Eq.2-9 
This very simple formula means that the charge which flows around the external 
circuit is the charge originally generated reduced in proportion to the fraction of the 
detector thickness which the electron and hole are able to travel apart before losing 
the freedom to move. If both the electron and the hole are able to reach the boundary 
of the material, x = I and the charge which flows in the circuit is equal to the charge 
separated in the material. 
An argument outlined in the thesis by Zhao [Zha94] treats the same situation by 
considering the movement of a theoretically infinite set of image charges formed in 
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the two parallel conducting planes. This has the merit of providing a clear physical 
mechanism for the effect. 
2.3.1 The 'charge-collection distance' 
The measured signal per electron-hole pair is proportional to the mean separation of 
the electron and hole before they become trapped in the material. Other insulating 
materials which trap electrons very quickly do not give useful signals. The mean 
distance of separation before capture is of central importance in this field and is 
usually known as the 'charge-collection distance'. Monocrystalline silicon has a large 
charge-collection distance (of the order of metres) so electrons and holes almost 
always reach the detector electrodes. Amorphous silicon, by contrast, has a charge-
collection distance of only about 10 Jlm. In some of the early literature [Mot40] the 
German term 'Schubweg' (i.e. mean range) is used for the average distance moved by 
photoelectrons in ionic crystals, and this term is also used in the early review of 
crystal counters by Hofstadter [Hof50]. Some modem authors such as Behnke 
[Beh88] refer, in the context of diamond detectors, to the schubweg of electrons and 
the schubweg of holes, the sum of these being the charge-collection distance. 
A measurement of mean signal size in a situation where the number of electron-hole 
pairs is known can be used to determine the charge-collection distance, which we 
have seen is a crucial 'figure of merit' for diamond samples and whose maximization 
is the chief goal in the manufacturing process. A minimum-ionizing particle travelling 
through diamond generates about 3600 electron-hole pairs in each 100 Jlm of its path, 
so the mean charge Qg generated in the form of either electrons or holes when such a 
particle traverses a diamond sheet of thickness L Jlm can be written 
Qg =36Le 
Eq.2-1O 
Once generated the electrons and holes move apart in the applied field, and if they 
eventually become trapped after separating by a distance de the signal observed is 
Q = Qg xdclL 
Eq.2-11 
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Consequently, a measurement of the mean signal charge Q in terms of the electron 
charge can be directly interpreted as a value for the mean charge-collection distance 
de: 
de = LQ/Qg = Q/36 Jlm 
Eq.2-12 
These simple results require modification in situations where the charge-collection 
distance is equal to, or greater than, the thickness of the detector, but this is only 
rarely the case for diamond detectors, at least at present. 
2.3.2 Mobility, drift velocity and Electric Field 
When electron-hole pairs are produced in the material by a radiation interaction, the 
electron and hole begin to separate under the influence of the electric field. The speed 
with which each moves through the material is determined by the strength of the 
electrical field, but also by the frequent interactions with the material atoms in which 
some or all of the kinetic energy of the moving electron or hole is lost. It is typical of 
such situations that the 'drift velocity' (i.e. the mean velocity with which an electron 
or hole moves through the material) is proportional to the electric field for small 
fields. 
The electrons are assumed to collide with the positive IOns at intervals of the 
'relaxation time' 'to At each collision the electron is brought into thermal equilibrium 
with the lattice, but between collisions it is subject to the accelerating electric field. 
These assumptions lead to a mean drift velocity proportional to the electric field and 
to a parameter known as the 'mobility' Jl: 
* v = E q't 1m = JlE 
Eq.2-13 
where q is the charge and m* an effective mass. Widely different figures can be found 
in the literature for the mobility of electrons and holes in diamond, and there are 
certainly large differences in this respect between different types of diamond, and 
between samples of CVD diamond made under different conditions. Typical figures 
quoted in the book by Spear and Dismukes [Spe94] give the electron mobility in CVD 
diamond as about 2200 cm2 V-IS- I and hole mobility as about 1600 cm2 V-IS-I. 
38 
For higher fields the drift velocity falls below the values predicted by the linear 
relationship, and eventually approaches a limiting value known as the 'saturated drift 
velocity'. For electrons in diamond this is about 2.7 xl07 cm s-t, and for holes about 
1.0 x 107 cm S-1. Division of this by the mobility gives an indication of the magnitude 
of the electric field at the knee of the curve, between the linear and saturated regions. 
This value is 1.23 V p,m-1 for electrons and 0.63 V p,m-1 for holes. These figures are 
far below the breakdown field for diamond, which is usually quoted as 103 V p,m- 1, 
and are similar to the bias fields which are applied in practice to diamond detectors, so 
the drift velocities in detectors tend to be neither in the linear region, nor are they 
completely saturated. 
The time required for an electron travelling at the saturated drift velocity to cross a 
detector of thickness 300 p,m is only of the order of 1 ns, so the time duration of the 
signals is extremely brief, and the rise-time of the resulting pulse is likely to be 
limited by the bandwidth of the preamplifier. 
It is obviously advantageous to operate diamond detectors at bias voltages which 
maximize the signal detected, i.e. with bias fields which saturate the charge-collection 
distance and the drift velocity, provided that there are no associated problems arising 
from breakdown or from leakage current in the material. Dielectric breakdown in bulk 
CVD diamond does not occur until much higher fields, as mentioned above, and the 
resistivity of undoped CVD diamond is so high that leakage currents and the noise 
associated with fluctuations in this quantity are normally too small to present 
problems. 
As previously indicated CVD diamond is a highly inhomogeneous material, the most 
obvious spatial variation arising from the increasing size of the crystallites as they 
grow away from the substrate. The significance of this for detector applications 
depends on the type of particle being detected. Minimum-ionizing particles which 
traverse the whole thickness of the material effectively average the charge-collection 
properties over the thickness, but detection of less energetic particles, for instance 
low-energy photons and alpha particles only samples a small region of the diamond 
near the surface, so it is important that the growth side of the material is used. The 
collection distance, and hence signal size, changes with lateral position as well. It is 
possible that these variations may be correlated with the presence of non-diamond 
carbon at grain boundaries. Attempts are being made to correlate regions of 
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particularly low signal size with features of the detectors under study which are 
visible under either the optical microscope or in TEM studies [RD42] and IBIC 
microscopy [Man99, SeI02]. 
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2.4 Early Diamond Detectors 
The first attempt to use diamond as a radiation detector were mainly concerned with 
the photoconductivity of natural diamond when exposed to electromagnetic radiation 
of short enough wavelength to generate ion-hole pairs in the material, i.e. with photon 
energy greater than the bandgap. This includes hard UV, X-rays and gamma rays. In 
these early measurements no attempt was made to resolve the signals due to 
individual incident photons, but simply to measure the average current. Pioneering 
work in the early 1920s on photoconductivity of natural diamond [Gud23] probably 
represents the earliest observations of the physical effects which underlie the use of 
diamond as a radiation detector. Later a wide-ranging study of the physical properties 
of diamond [Rob34] introduced the distinction between type 1 and type 2 diamonds. 
This was the first stage in establishing the following classification: 
• Type la diamonds contain up to about 0.1 % of nitrogen in small aggregates. 
They absorb UV light, and infrared. Their thermal conductivity is about 9 W cm-1 
K-1 at room temperature. This is by far the most common type of natural diamond, 
accounting for about 98% of the total. 
• Type 1 b contain paramagnetic nitrogen atoms as part of the lattice. Their 
properties are similar to those of type la diamond, but they account for only 
about 1 % of natural diamond. 
• Type 2a diamonds are essentially free of nitrogen, and consequently transmit 
UV light much better than type 1 diamonds. 
• Type 2b are also free of nitrogen. These very rare natural diamonds contain 
boron, and consequently have a bluish colour, and are p-type semiconductors with 
an electrical conductivity more than 13 orders of magnitude greater than type 1 
diamond. 
The main problem concerning the use of natural diamonds as radiation detectors is 
the wide variation in their response, and indeed all attempts to use natural diamond as 
radiation detectors have proved very difficult due to the very high variability of the 
material. 
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The early observations of photoconductivity have developed into the application of 
diamond in the field of X-ray dosimetry, which remains an active area of current 
research. Although photographic film has always been the method by which X-ray 
images are normally recorded, it does not provide a good means of calibrating X-ray 
sources either for diagnostic or therapeutic applications because of the lack of 
reproducibility in the emulsions and in the development process. The generation of 
electrical signals in a suitable solid-state medium and their measurement by suitable 
circuitry is a more promising approach, and diamond is specifically preferred because 
its atomic number of 6 closely matches the effective atomic number of human tissue, 
usually quoted as 7.S [Kan93]. 
Many of the processes involved in the interaction of X-rays with matter show very 
strong dependence on atomic number as well as on the X-ray energy so the use of 
detectors with substantially different atomic number from tissue is problematic. In 
such applications the robustness and chemical inertness of diamond are also great 
advantages, particularly for in vivo monitoring applications. 
After the earliest work on photoconductivity, observations were made in the 1940s of 
pulses of electrical current which were seen when crystals of several materials, 
including natural diamond, across which an electrical potential had been applied, were 
exposed to ionizing radiation in the form of alpha and beta radiation from radioactive 
sources. An early review of this new technique of 'pulse-generating ion chambers' 
was given by Hofstadter [HofSO]. A section of this paper describes the use of natural 
diamond to detect alpha and beta radiation, as well as low-energy electrons, and 
comments on the variability of response from apparently similar samples. In the 
1970's Kozlov et al. at the Lebedev Institute in Moscow selected high quality natural 
diamond and succeeded in making a radiation counter with nearly complete charge 
collection. 
Different types of natural diamond had very different electrical properties, including 
their response to charged particles. Type 2a diamonds were found to show a mean 
pulse height which increased with the electrical field but showed saturation effects 
and approached a limiting pulse height value for fields of some tens of kV per cm. 
There were large variations in the size of the signals detected from different diamonds 
and from different regions within a single diamond. Type 2b diamonds had too Iowa 
resistivity to function satisfactorily as 'counting diamonds', while Type 1 diamonds 
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showed no pulses until considerably higher fields were reached, and then behaved in 
an erratic manner. When alpha-radiation was used, the specimens studied were thick 
enough to stop the incident charged particles, and the electrical signal from the 
counters was found to be proportional to the total energy of the incident particle. 
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Figure 2-24: 241Am detection spectra recorded on 4 grades of natural and CVD diamond [BerOI] 
The modem era in diamond detectors may be considered to start with the first 
measurements on artificial diamond produced by the CVD process. Throughout the 
recent history of diamond-based particle detectors most of the work reported in the 
literature has made use of CVD material produced specifically for this application by 
commercial manufacturers, principally Norton, de Beers and Sumitomo. Figure 2-24 
shows a comparison of the detector performance between various natural and CVD 
diamond detectors. 241 Am pulse height spectra were recorded on 4 grades of 
diamonds: (from the top downwards) a highly selected IIa type diamond, a 
commercially available random IIa type natural diamond, a 25-l-'m thick CVD 
diamond grown at CEA and a 300-l-'m thick, commercially available, detector grade 
CVD diamond. Measurements were made in vacuum and used a constant 10 kV/cm 
bias field [BerO 1] 
The coplanar sensor has a highly non-uniform electric field in its near-surface region; 
its spectroscopic response depends on the energy of the incoming radiation, on the 
topology of the crystallites and their grain boundaries and on the electrode spacing 
that characterises the field strength. The lateral charge drift which is typical of a 
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coplanar detector with inter-digitated electrodes is indicated in Figure 2-25 . In Figure 
2-26, Figure 2-27, and Figure 2-28 Sellin et al. [SeIO 1] show the simulated electric 
field profiles for three different coplanar detector geometries. The incoming radiation 
deposits its energy in the diamond bulk, creating a trail of electron-hole pairs that 
move towards the oppositely charged electrodes following the electric field lines and 
induce an electrical signal on the contacts which is proportional (ideally) to the energy 
deposited by the different types of radiations that caused it. 
Figure 2-25 Diagram oflateral charge drift, typical of a coplanar detector with inter-digitated 
electrodes. 
70x1()3 
60><103 
E 5Ox103 
-2 
2.- 40x103 
~ 3Ox1Q3 
u: 
Ul 20x103 
10x103 
Figure 2-26. Calculated electric field profiles; 100 J.UIl pitch, 50 J.UIl gap [SelOl] . 
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Figure 2-28. Calculated electric field profiles; 30 )lID pitch, 20 )lDl gap [SelO 1]. 
2.5 Priming phenomena in diamond detectors 
Various research groups have observed that a prior dose of radiation increases the 
measured signal amplitude from the detector by a factor in the range 1.2 - 2 [Bau96; 
ButOO; Beh88]; this behaviour is called the ')Jriming" or "pumping" effect. This 
effect, however, can be reversed upon exposure to a white light source [Man99] or 
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sunlight. A probable explanation of the priming effect is that the vacancies and 
impurity atoms which act as charge carrier traps and limit the movement of electrons 
and holes, capture a charge carrier and become inactive. Photons of the appropriate 
wavelength are able to free again the captured electrons and nullify the priming effect. 
That's why, to take advantage of the priming effect, the detector must be kept in 
absolute darkness. 
Souw and Meilunas [Sou97] deduced the carriers' trap states from the spectrum of 
photoconductive currents measured between 225 nm (5.5 eV) and 725 nm (1.7 eV). 
They concluded that trap-states associated with a photocurrent peak at 2.9-3.2 eV are 
hole-traps, recombination centres for electrons like nitrogen impurities in natural 
diamond but that in CVD diamond may be due to carbon vacancies. Other trap states 
were identified in the range 0.6-1.2 eV, probably due to vacancy-hydrogen complexes 
(see Figure 2-29). The important facts are [MaiOO]: 
• Souw et al [Sou97] observe two photoconduction bands, one at 1.9-2.1 e V 
(nitrogen donor?), and the other at 2.8-3.2 eV, which they identify with a neutral 
vacancy. 
• Souw et al [Sou97a] observed that the Fermi level in CVD diamond is low in the 
gap due to acceptors, which they infer have a level near 0.6 eV. Thermally 
stimulated current (TSC) measurements have also detected a level at 0.6 e V 
[Jac99], although a large number of electronic levels have been identified by this 
technique in the range 0.6-1.2 eV. Other samples did not necessarily show a low 
Fermi level [NebOO]. 
• Polarization of the diamond, which would reduce the detected signal, does not 
appear to be a significant effect in most cases. There are two decay rates when 
diamond photoconductive detectors are illuminated with pulses of sub-bandgap 
illumination, the shorter of which appears to be connected with nitrogen [Ber96]. 
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8andlap and Trapstate Model in CVD Diamond 
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Figure 2~29: Energy~band and trap~state model in CVD diamond, derived from measurements of 
photoconductive current under band~gap and subband~gap irradiations [Sou97] 
We can explain these facts by suggesting that there are both deep donors (nitrogen, 
and possibly vacancies) and deep acceptors (boron and vacancy complexes). In 
unirradiated diamond, the Fermi level is towards the middle of the bandgap, so most 
of the dopants are compensated. The presence of donors scatters carriers, reducing 
their mobility, f.l. Priming irradiation creates free carriers, some of which are trapped 
by both the deep donors and acceptors. The traps therefore become saturated, and 
hence the lifetimes of the carriers and their mobilities (in the absence of scattering 
charged defects) are increased, hence the CCD increases. Because both holes and 
electrons are trapped, the net polarization is not very large (except perhaps close to the 
contacts [Sou97]). Light will free the carriers from the traps and reverse the priming 
effect. High doses of damage will start to increase conduction in the sample, which 
will restore the equilibrium of charged defects, and eventually the carrier trapping at 
radiation damage defects will dominate. 
2.6 Ion implantation in diamond 
Ion implantation is a process in which a very precise number of impurity atoms are 
implanted into a semiconductor wafer from a high energy ion beam. The ions enter 
the semiconductor at high velocity and dissipate their energy through a series of 
collisions. At some point, the ion loses all of its kinetic energy and comes to rest in 
the solid. This process results in a statistical distribution of ions as a function of depth 
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into the target. A typical ion profile i.e., concentration versus depth plot, is shown in 
Figure 2-30: 
depth 
Figtrre 2-30 Distribution of implanted ions as a function of depth into the target. 
These distributions are characterized by the mean projected range, Rp, and the 
straggle, ARp. The mean projected range is a measure of the average penetration depth 
of the ions, and is defined as: 
Eq. 2-14 
where N is the number of ions, and Xi is the perpendicular distance from the surface to 
the end of each ion track. Straggling is given by: 
Eq. 2-15 
and is a measure of the width of the distribution. 
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Figure 2-31 :Monte Carlo calculation of 128 ion trajectories for 50 ke V boron implanted into silicon 
Figure 2-31 shows a Monte Carlo calculation of 128 ion trajectories for 50 keY boron 
implanted into silicon, and it is possible to see the different distance travelled by the 
individual atoms [Zie85]. 
Ion implantation is used to modify the electrical, mechanical and chemical properties 
of solid surfaces, and this plays a key role in the manufacturing process of 
semiconductor devices. The advantage of ion implantation is that the concentration 
and depth profile of the implanted dopants is well controlled and with the use of 
masks it is possible to dope selectively just the desired areas. When the ions slow 
down in the solid the material is highly damaged, and in order to achieve an effective 
doping the radiation damage must be annealed. After ion implantation, the wafer is 
usually so severely damaged that the electrical behavior is dominated by deep-level 
electron and hole traps that capture carriers and make the resistivity high. Annealing 
is required to repair lattice damage and put dopant atoms on substitutional sites. The 
success of annealing is often assessed by the fraction of dopant that is electrically 
active, and is found experimentally using the Hall effect technique. The Hall effect 
measures an average effective doping level, which is an integral over local doping 
densities and local mobilities evaluated per unit surface area: 
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Eq.2-16 
where /1 denotes the mobility, n is the number of carriers, and ~. is the depth. If the 
mobility is not a strong function of depth, NHall measures the total number of 
electrically active dopant atoms per unit area If annealing activates all of the 
implanted atoms, this value should be equivalent to the dose. 
In the manufacturing of semiconductor devices a common method to dope the 
material is the use of diffusion doping techniques. In the case of diamond the 
diffusion coefficients of the dopants are very low and this has discouraged the use of 
diffusion doping methods. Diamond is metastable with respect to graphite and so ion 
implanted samples revert to graphite at high annealing temperatures (T> 1800 °C) or 
due to a high implantation dose ( >2 x 1016 ions / cm2). Diamond is an insulator due to 
its Sp3 bonding, while on the contrary graphite is a conductor due to its Sp2 bonding. 
Ion implantation breaks Sp3 bonds and converts them to Sp2 bonds, and the overall 
effect is a decrease in the diamond bulk resistance. 
There exists a critical dose Dc at which the resistance of diamond decreases heavily. 
This value of Dc depends on ion species and on ion implantation temperatures [Pri98] 
[Pra95]. 
The picture that emerges from Prawer's group [Pra95] is the following: 
(i) For an implantation temperature TJ < 320 K, implantation results in the 
formation of point defect clusters, which at a critical dose Dc overlap to create 
an amorphous Sp3 bonded structure. For doses below Dc, the diamond can be 
furnace annealed. For doses exceeding Dc, annealing is no longer possible and, 
with further increases in ion dose, a gradual increase in the conductivity occurs 
as Sp3 bonded material is gradually converted into Sp2 micropolycrystalline 
graphite. 
(ii) For intermediate temperatures (320 < TJ < 800 K), the defect mobility is 
sufficient to enable many of the point defects to anneal dynamically, but at the 
same time sufficient activation energy is available to enable those that survive 
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to cluster into graphitic islands. When these islands overlap at Dc the result is a 
very sharp increase in the conductivity. 
(iii) For hot implantations (Ti > 800 K) the defect mobilities are sufficiently high 
such that dynamic annealing prevents any pennanent damage zones to be 
created. In this temperature regime, graphitization never occurs even for very 
high ion doses. However, defect clustering still occurs and diamond implanted 
at these elevated temperatures is usually rich in dislocation and other extended 
defects. 
Thus for effective doping of diamond, the radiation damage induced by ion implanted 
must be annealed, and the dopant ions must be able to occupy lattice sites. The most 
commonly used atom for p-type doping in diamond is boron, which is .present in 
natural diamond with an activation energy of about 0.37 eV. In Figure 2-32 and 
Figure 2-33 we can notice the increase in penetration depth of the implanted atoms 
with increased implantation doses and energies [Zie85]. 
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Figure 2-32: 1RIM simulation of implanted ions distribution at a dose of 1 x 1014 ions cm·2 and 
energies of 10,50 and 100 keV[Zie85]. 
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2.6.1 Implantation-doping routines 
In order to place dopant atoms into substitutional sites, vacant sites have to be created 
which can trap them during annealing, Usually more than enough vacanCIes are 
created during implantation of the dopant ions themselves. 
In order to have a successful ion implantation doping, the dopant atoms have to move 
into vacant lattice sites, while the self-interstitials need to combine with the residue of 
the vacancies to recover the radiation damage. Two techniques termed C.I.R.A. (Cold 
Implantation Rapid Annealing) and LO.D.D.I. (Low Damage Drive In) have been 
developed to try to achieve as much as possible this ideal situation [PriOO] 
2.6.2 The C.I.R.A Process 
The most successful schemes for reliable doping appear at present to involve cold 
implantations followed by rapid thermal annealing, the so called CIRA technique. The 
basic idea behind the CIRA scheme relies on freezing in the point defect damage 
using low temperature implantations. When the layer is annealed, a fraction of B 
interstitials can successfully combine with the vacancies (and thus become activated) 
while the self-interstitials can recombine with vacancies to anneal the residual 
damage. The former is less likely to occur for implantation temperatures in excess of 
Ti > 320 K because in that case the C self-interstitials can diffuse [Hau76] , and 
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recombine with vacancies during the implantation, thus removing the very sites which 
the B implants need in order to become activated. In addition, as discussed above, 
there is evidence to suggest [MiI94] that these C self-interstitials can combine to form 
stable defect clusters, even for doses much less than Dc. For effective annealing the 
ion dose must of course be kept less than Dc. In addition, the annealing temperature 
needs to be carefully selected, as there is some evidence to suggest that self-
interstitial-vacancy recombination rates increase with increasing temperature, whilst 
boron-interstitial-vacancy combinations decrease [Pri98]. Finally, Prins has been 
experimenting with a multiple step CIRA technique In which many 
implantation/annealing cycles are used, with small doses at each step, in order to 
introduce a much higher level of activated B dopants onto lattice sites than in the case 
with a single B implant, without increasing the number of compensating donors due to 
residual damage. 
The CIRA routine can be summarized in the following key points [Pri88]: 
1. the ion doses used must be well below any possible graphitisation threshold; 
2. all implantations are done at as Iowa substrate temperature Ts as possible (usually 
liquid nitrogen temperature) in order to "freeze" in the vacancies and interstitial 
atoms (self and dopant) by inhibiting any diffusional migration; 
3. the implantations are spread over a range of energies to intermix the vacancies and 
interstitial atoms; 
4. the implanted diamond is then rapidly heated to a suitable annealing temperature 
TRTA (temperature of rapid thermal annealing), at which the point defects can 
diffuse and interact in an optimum way; 
5. if required, after annealing at TRTA, further anneals may be done at higher 
temperatures to reduce further the residual radiation damage; 
6. if the density of required dopant atoms is so high that the ion dose needed to insert 
them into the diamond lies above the graphitisation threshold for the annealing 
temperature TRTA, multiple CIRA steps can be employed. 
2.6.3 The L.O.D.D.I. Process 
Some interstitial atoms always diffuse out of the implanted layer leaving vacancies 
behind. To obtain high quality doped material it is very important to reduce as much 
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as possible the density of residual vacanCIes. Prins [Pri98] discovered that it is 
possible to improve doping by making the dopant atom interstitials migrate to another 
implanted layer containing a small number of vacancies. In order to do so the LODDI 
(Low-Damage-Drive-In) routine was developed to reduce the residual vacancies 
created by the implantation process. This kind of ion implantation usually makes use 
of light ions like He+ (that produce less vacancies than heavier ions) to damage a 
layer at a well-defined depth. This damage must be kept very low in order to create 
just the required density of vacancies needed for the process. Afterwards the actual 
dopant ions are implanted at a shallower depth at a very high dose. During annealing 
the dopant atom interstitials can escape and diffuse into the damaged layer just below 
them, where they then recombine with vacancies and become activated. Then the 
heavily damaged shallower layer is etched off. The final result is that a doped layer 
has been created that is heavily doped but far less damaged than using just high dose 
ion implantation. Prins implanted B, Al and P using this method, keeping a low 
substrate temperature of 400°C in order to prevent vacancies formed during doping 
implantation from diffusing into the lightly damaged deeper layer. This method 
worked very well [Pri98] except for the fact that some vacancies did succeed in 
diffusing to the deeper, lightly damaged layer during the the dopant ion implantation 
step. 
In conclusion we can acknowledge that ion implantation of diamond has been realized 
and it has become a common and reliable practice to modify the electrical, chemical 
and mechanical properties of diamond. 
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3 Device Fabrication 
3.1 Review of Ohmic Contacts on Diamond 
One of the problems encountered when manufacturing semiconductor devices In 
diamond is the fabrication of low resistance ohmic contacts. 
There have been three main approaches to solve this problem and lower the resistivity 
of the contact: 
1. Damaging the diamond surface in order to disrupt the Sp3 bonding. 
2. Using carbide forming metals like titanium or chromium, that create an hybrid 
metal-diamond interface material. 
3. Doping of diamond during growth or using ion implantation. 
An ohmic contact was obtained by Prins by roughening the surface, applying silver 
paint and annealing for 3 hours at 300°C. The I-V characteristic of the resulting 
contact was fairly linear [Pri82]. Other researchers have used direct pressure contacts 
with tungsten probes [Lap76, Bra83], but these previous methods do not lend 
themselves to easily reproducible use in an industrial manufacturing environment. 
Other, more promising techniques are based on the application of alloys containing 
carbide forming elements such as titanium and tantalum which have been used in the 
past [Col70]. Moazed et al [Moa88] reported that carbide forming metal films 
produce ohmic contacts to semiconducting diamonds by an annealing process, 
although the resistances measured were extremely high. 
Current CVD growth techniques lead to polycrystalline films with a relatively high 
concentration of grain boundaries and crystal defects, which affect their 
photoconductive properties and contact formation [Mar97]. It has been observed that 
even slight variations of parameters, such as hydrocarbon concentration in the gas 
mixture, influence the phase purity, the sample preferential orientation [GaI98] and 
the concentration of crystallographic defects [Pan92]. 
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3.1.1 Ion-implanted contacts 
The preparation of ohmic contacts to diamond is considerably enhanced if the surface 
area that needs to be metallised is highly overdoped with boron to a very shallow 
depth by means of ion implantation [Pri88a, b]. Using ion implantation, overdoped 
layers can easily be produced to a depth of about 0.2 urn or more. Shallower layers 
may be obtained by a different technique initially reported by Vavilov et al. in 1970 
[Vav70] and subsequently repeated by Braunstein and Kalish [Bra83]. They used a 
high-dose boron implantation of 1 x 1016 ions/cm2 at 55 keY, an annealing time of 1 
hour at 1400 °c and finally they etched off the graphitised layer formed after 
annealing. The resulting contacts displayed excellent linearity and reproducible low 
resistance, and also obviate the need for the metal layer to interact chemically with the 
diamond surface. 
When boron is implanted and the diamond temperature is 200°C, the interstitial 
atoms formed during ion penetration and the boron atoms in non-substitutional sites 
can diffuse [Pri85; Pri86]. During the diffusion process, some of the interstitial atoms 
combine with the immobile vacancies which were left behind by the displaced self-
interstitials, while others escape from the ion-damaged region. Those boron atoms 
which occupy vacancies are now in substitutional sites and may be able to act as 
acceptors provided they are not electrically compensated by vacancy related defects 
which can act as deep lying donors [Pri88]. 
In order to obtain a very thin, highly doped boron layer near the surface, an 
implanting energy of 60 ke V and a boron dose of 2 x 1016 cm-2 were used by 
Venkatesan et al.[Ven93]. The spatial distribution of the radiation damage (vacancies 
and interstitials) and the boron atoms introduced during implantation, if no diffusion 
occurs, can be seen in Figure 3-1 [Ven93]. 
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Figure 3-1: boron implantation SIMS depth profiles, before and after etching [Ven93] 
The calculated damage distribution peaks at about 60 nm but extends all the way to 
the surface, while the boron distribution displays an approximate Gaussian shape 
which peaks at a slightly deeper position. Interstitial atoms diffuse at the implantation 
temperature selected which enables those which do not occupy vacancies to escape 
from the ion-damaged region. Thus, during the implantation process the immobile 
vacancy density in this region increases with ion dose [Pri86] and, at the temperature 
and implantations conditions selected, finally exceeds a critical limit. Beyond this 
limit, the diamond lattice is able to collapse to an amorphous carbon structure, which 
can conduct electricity, extending all the way from the surface to a depth of - 0.2 /-lm 
(Figure 3-1). Beyond this depth, the remaining vacancy density is below the critical 
limit mentioned above. But this region also contains substitutional boron atoms which 
occupy vacancies to form acceptors. At a high enough boron dose, the density of 
boron acceptors directly adjacent to the underlying unimplanted diamond may exceed 
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the compensating vacancy-related donors. In this manner a very narrow boron-doped 
layer buried underneath the ion-damaged (vacancy-rich) structure may be created. 
3.1.2 Non-implanted contacts 
Some authors have claimed the importance of special surface treatments, consisting of 
the exposure of the diamond surface to a methane atmosphere, in order to improve 
greatly the performance of UV detectors [Mac97]. Other authors have previously 
investigated the influence of post-growth surface treatments or different sandwich 
metal contacts on the electronic properties and the performance of radiation detectors 
[Jan98]. The paper of Pace et al. [PacOl] is a systematic study of metal-diamond 
interfaces that identified the optimal electric contact that maximizes the performance 
of such detectors. 
The aim of their paper was to carry out a systematic analysis of several metal contacts 
on CVD diamond by experimentally comparing their performance in order to find out 
the optimal contacts, and to discuss the influence of metal-diamond interfaces on the 
UV response to steady irradiation. They used the microwave plasma-enhanced CVD 
technique to grow a diamond film on a <100> p-doped silicon substrate, then divided 
it into four nearly identical devices. Four photoconductive detector prototypes were 
built by dividing the diamond film in four parts and by thermally evaporating planar 
interdigitated metal contacts on a 4-mm2 area of the rough growth surface. Each 
device was contacted using different layered metals: titanium-gold, chromium-gold, 
aluminium-gold and gold. These metals were selected with no regard to their ohmic 
or Schottky properties. The contact geometry was planar interdigitated with a 20-
microns spacing between electrodes, electrode width 15 microns and thickness 0.1 
micron. The electronic properties of planar metal-diamond interfaces were firstly 
characterized through I-V measurements in darkness. The results are shown in Figure 
3-2, where the I-V characteristics for each type of contact have been reported for a 
direct comparison. It can be observed that the dark currents are very low (below 1 pA 
between -200 V and +200 V) in the case of Au and Ti/Au contacts, showing a very 
high intrinsic resistance. A rather lower resistance was shown in the case of Crl Au 
contact, but the dark current is still below 100 pA in the same voltage range. The 
All Au contacted device is an exception, because it generates a much higher dark 
current, but also a peculiar I-V characteristic. The four analyzed electrical contacts 
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presented very different characteristics: the Au-diamond interface was ohmic , the 
Til Au and Crl Au contacts were ohmic at lower voltages , while having a yn behavior 
at higher voltages. The All Au-diamond junction showed an almost linear behavior in 
a semi-log scale. 
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Figure 3-2: I-V characteristics for diamond detectors . The solid line indicates the I-V curve obtained 
scanning upward the voltage range, while the dashed curve represents the backward scanning. The 
values corresponding to negative voltages are negative currents [PacOl]. 
Pace et al. also analysed the time response and the persistence of the photocurrent 
induced by illuminating the 4 samples with a steady-state radiation at A= 200 nm and 
biasing the samples at 100 y. They observed that the photocurrent generated at the 
Au-diamond junction arrived at the 90% maximum signal level in 10 s, while Til Au-
and Crl Au-diamond junctions were rather slower. On the other hand, the AI- diamond 
junction produced a very slow time response, such that the maximum signal is 
achieved only after several hundreds of seconds. The same behaviour is observed in 
the fall time diagram. After switching off the source, the devices with Au and Til Au 
contacts were faster than the others. The other devices were slower and again the 
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AIIAu-diamond interface is much slower. The analysis of the time response, as 
plotted in the time diagrams in Figure 3-3, points out a persistence of the photocurrent 
that depends on the nature of the electric contact, as the material is the same for all the 
analyzed detectors. This phenomenon, which is clearly present in the device with 
All Au contacts and very weak in the case of Au contact, could be due to the formation 
of space charge in the region below the electric contacts, and could also be 
responsible for the current hysteresis previously described. Usually, the hysteresis and 
the persistence of the photocurrent are ascribed to deep levels in a bad-quality 
material, but after these results they appear to be strongly dependent on the type of 
metal contact. It must also be mentioned that the UV -induced charges are generated 
close to the surface. Therefore, these phenomena seem to be related not to the bulk 
properties, but to the contacts and the surface quality after metal deposition. 
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Figure 3-3: Normalized time response of the diamond detectors. The upper panel shows the rise time 
and the dashed axis indicates the 90% signallevei. The lower panel shows the fall time and the dashed 
axis indicates the 10% signal [PacO 1]. 
From 1994 the RD42 collaboration based in CERN and several research centres 
around the world, has been cooperating with the synthetic diamond manufacturers 
with the result of an improvement of the charge collection distance in polycrystalline 
CVD diamond from -10 /.lm to over 200 /.lm. Recently the RD 42 group in 
cooperation with De Beers, succeeded in the development of po! ycrystalline CVD 
diamond films (produced in the year 2002) which were characterized by a charge 
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collection distance of the order of 270 J,1m. This optimization of the charge collection 
distance was achieved by improved control of the growth process and through 
material removal from the substrate side, where the density of grain boundaries is 
higher due to the typical columnar growth of the diamond micro-crystals. The charge 
collection properties of the latest RD42 [RD42 2003] devices were also improved by 
selecting an optimal procedure to manufacture the electrical contacts. This new 
procedure tried to avoid the problems related to the formation of carbide products at 
the diamond-metal interface, and was developed for this purpose at the Ohio State 
University. This new metallization process involved aluminium as contact metal and 
avoids the formation (often observed when Crl Au and Til Au contacts were used) of 
charge build-up regions below the electrical contacts during exposure to radiation. 
The RD 42 group claims that this new metallization process has improved the spatial 
uniformity and increased the amount of charge collected, although this appears to be 
in contrast to the study by Pace. 
3.2 Contact Fabrication 
At Surrey we first fabricated the devices D1 and DF3 using evaporated chromium for 
contacts; afterwards we made the devices B05, BOlO, B020, B050, B05soi0 and 
B010solo using boron implanted graphitised contacts. 
On the D 1 sample two sets of devices were fabricated with inter-digitated electrodes, 
one device having an electrode width and inter-electrode gap of 50 J,1m and the other 
an electrode width and inter-electrode gap of 100 J,1m, while the DF3 device had just 
one set of 100 ~m width and interelectrode distance. The devices B05, BOlO, B020 
and B050 were all fabricated on the same CVD diamond sample supplied by De 
Beers and characterised by having polished surfaces and large crystallites. The design 
of the device (Figure 3-4) is characterised by a cross-shaped common electrode in the 
middle of the sample; from where all the interdigitated electrode fingers depart, for a 
length of 3.5 mm and a width of respectively 5, 10 ,20 and 50 ~m. Separated by an 
identical gap width of 5, 10, 20 and 50 ~m are the other interdigitated electrode 
fingers that intersect the other electrode at the top left, top right, bottom left and 
bottom right portions of the detector. This gives an active device area of 3.5 x 3.5 mm 
for each segment of the sample, creating 4 different radiation detectors. The devices 
B05soi0 and BO 10s010 are characterised by the same design as the corresponding 
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B05 and BOlO devices but were fabricated on a smaller sample of CVD diamond that 
could just accommodate one detector with the active area of 3.5 x 3.5 mm. The 
diamond material of those two samples was also of a poorer quality compared to the 
previous sample, with smaller crystallites. 
5JLm 
10 mm total width 
Figure 3-4: The coplanar, inter-digitated electrode geometry of devices BG5, BG 10, BG20,BG50 
The coplanar CVD diamond detectors were fabricated from free standing 
polycrystalline CVD diamond films with a thickness of 70 ~m, supplied by De Beers 
Industrial Diamonds (UK) Ltd. Inter-digitated electrodes were fabricated on the 
growth surfaces of the diamonds. On this surface the diameter of the diamond 
crystallites was typically 20 ~m for the first device Dl and around 100 /lm for the 
DF3 device. 
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On both diamond sensors Dl and DF3, metal contact electrodes were realised using 
conventional photolithography followed by thermal evaporation of metals and by a 
final high temperature anneal in a nitrogen atmosphere. 
Figure 3-5: 200x200 urn SEM images show typical crystallites grain sizes of approximately 10-20 j.Ull on 
the growth surface. 
Figure 3-6 : SEM images show typical crystallites grain sizes of approximately 10-20 j.Ul1 on the growth 
surface. 
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The standard photolithographic process that was employed in the preparation of all 
the diamond samples consisted of first cleaning the samples in methanol, then in 
acetone and finally in an isopropanol solution. A nitrogen gun was then employed to 
blow-dry the samples. To eliminate the residual water and solvents the samples were 
also dry baked on a hot plate at a temperature of 100°C for 10 minutes. Then 
followed the application of positive photoresist (AZ 4330A Hoecht) on the diamond, 
and its spinning at 7000 rpm to planarise and homogenise the photoresist and to give 
it a thickness of 2.5 microns. The sample was then 'soft-baked' for 40 seconds on a 
100°C hot plate (to dry the photoresist partially so that it didn't stick to the mask 
during UV exposure). Straight afterwards the samples were put in the mask aligner to 
expose them to ultraviolet light for 3.6 seconds in order to transfer the pattern from 
the mask to the photoresist. After the UV exposure the samples were developed in a 
3:1 solution of water/AZ 400K developer at a 20°C temperature, then washed using 
deionised water and again blow-dried with the nitrogen gun. The samples were then 
put under an optical microscope to check if the development had resulted in the 
desired electrode design transfer. Finally the samples were placed on the hot plate for 
10 minutes at a temperature of 100°C to harden the photoresist. 
After the photolithography phase the samples were ready for metal evaporation (in the 
case of the D1 and DF3 samples; ion implantation for the BG samples). The D1, DF3 
samples were then placed in a vacuum thermal deposition unit where 50 nm of 
chromium were thermally evaporated followed by the deposition of 200 nm of gold. 
The deposition rate was 0.2 nm per second and the vacuum reached during the 
evaporation process was 5.8 x 10-6 torr. After metal deposition the D1, DF3 devices 
were placed in an acetone solution (lift-off process) to dissolve the photoresist and 
remove the excess evaporated metal, in order to leave just the metal electrodes 
deposited on the bare diamond surface. After lift-off the sample was ready for 
annealing in the furnace to create a chromium-carbide interface between the metal and 
diamond. The D 1, DF3 samples were then annealed in a nitrogen atmosphere. The 
temperature was chosen to rise linearly in 1 minute from room temperature to 400°C 
and to stay at that temperature for a further 10 minutes before allowing to cool down 
to room temperature again. No post-processing surface treatments were applied to the 
D1, DF3 devices. 
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For the second batch of 'BG' diamond samples, ion-implantation was used instead of 
metal evaporation, with the ion-implantation following the photolithography step. The 
samples BG5, BG10, BG20, BG50, BG5soio and BG10soio were ion implanted with 
boron ions at an energy of 70 keY and a dose of 2 x 1016 ions/cm2 at room 
temperature. 
The penetration of the ions in diamond was calculated using TRIM [Zie85] and 
resulted in a value of 0.11 ± 0.02 microns, while the mean penetration in the 
photoresist was calculated as 0.43 ± 0.08 microns. Given the photoresist thickness of 
2.5 microns this implied that no boron ions could reach the diamond surface via 
photoresist covered areas. The samples were then annealed in an argon atmosphere; a 
temperature of 700°C was reached from room temperature in 90 seconds, then the 
temperature was kept at 700 °C for further 4 minutes before allowing the samples to 
cool down to room temperature again. The dose of 2 x 1016 ions/cm2 allows the 
creation of ~ 1 x 1022 vacancies/cm3 in the diamond bulk. Upon annealing this leads 
to the graphitisation of this highly damaged area [Uza95] while reconverting the less 
damaged ones to sp3 bondings again. This implantation methodology follows the 
suggestions of Zhang et al. [Zha99]. This group studied thoroughly the effect of boron 
implantation (with doses ranging from 1014 to 1017 ions/cm2), annealing times (from 2 
to 15 minutes) and temperatures (from 600 to 750°C). From Figure 3-7 we can see 
from SEM pictures the damage created by different implantation doses: the higher the 
dose the higher the degree of damage delivered to the polycrystalline structure 
[Zha99]. 
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Figure 3-7: SEM photos of (a) unimplanted diamond films; (b) boron ion-implantation with dose of 10 15 cm-
2; (c) boron ion-implantation with dose of 1016 cm-2 ; (d) boron ion-implantation with dose of 1017 cm-2 
[Zha99] 
In the Raman spectra of Figure 3-8 Zhang et al. showed how the damage created by a 
dose of 1016 ions/cm2 can be recovered by annealing with the right annealing time and 
temperature (700°C, 4 minutes), while an excessive dose (10 17 ions/cm2) cannot be 
recovered even after annealing of 15 minutes. 
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Figure 3-8: Raman spectra of (a) unimplanted diamond films; (b) boron ion-implantation (dose=101 6 cm-2); 
(c) annealed diamond film (dose=1016 cm-2); (d) boron ion-implantation (dose=1017 cm-2); (e) annealed 
diamond film (dose=1017 cm-2) [Zha99]. 
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Figure 3-9: SIMS depth profiles of boron ion-implanted diamond films [Zha99]. 
In Figure 3-9 Secondary Ion Mass Spectroscopy was employed by Zhang et al. to find 
that the higher the dose, the broader the distribution of boron. They noticed that if the 
annealing temperature was too high (750 DC) or the time was too long (15 minutes), 
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boron would diffuse to the surface (fig. 3-9a); while if the temperature is too low « 
700 DC) or the annealing time too short « 4 minutes) then boron ions will stay in the 
interstitial sites of the diamond lattice and this will cause the resistivity to be high. If 
the dose is less than 1015 ions/cm2 then after annealing the resistivity will not change. 
On the contrary if the implantation dose is > 1017 cm-2 then the lattice damage is so 
large that the resistivity may actually increase. Zhang et al. showed that only with: 
• a dose _10
16 ions/cm2 
• an annealing time of 4 minutes 
• an annealing temperature of 700 DC 
was the distribution of boron fairly homogeneous, with an almost gaussian shape (fig 
3-9b) and a p-type diamond film with low resistivity can be obtained successfully. 
Using this method the graphitised areas become the electrical contacts of our devices 
because of the high electrical conductivity of graphite. The boron implanted ions 
provide the diamond-contact interface with a doping of excess p-type carriers (see 
Figure 3-10). 
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3.3 Lithography 
Lithography is the key to the transfer of the circuit pattern onto the surface of a 
semiconductor wafer. Its implementation involves masking of a radiation-sensitive 
film deposited on the semiconductor surface and exposing the film to a suitable light 
source, followed by chemical and physical removal of the exposed or unexposed 
regions of the film. The radiation sensitive film is referred to as a resist. The three 
main components of lithography are resists, masks, and exposure. 
Masks are used in the fabrication of semiconducting devices and circuits for the 
preparation of the master pattern and permanent transfer of the pattern onto a 
semiconductor surface. A mask can be fabricated by depositing a thin chromium film 
on a glass plate using an electron beam process. The pattern is transferred onto the 
device by exposing the resist to light of a suitable wavelength. 
Resists are photosensitive polymeric materials and are of two types: positive and 
negative. In a positive resist the exposed areas of a resist are removed during 
development, leaving a positive image in the resist. On the other hand, in a negative 
resist the unexposed areas are removed during development, leaving a negative image 
in the resist. Positive resists are made up of polymeric materials, which on exposure to 
radiation undergo break-up of molecular chains, resulting in a local reduction of 
molecular weight. As a result, the exposed regions become chemically more active 
and can thus be selectively dissolved in a developer. Negative resists are also 
polymeric materials, but in this case the molecular chains cross-link on exposure to 
radiation. In a suitably chosen developer, the cross-linked regions are insoluble. 
thl t .. II I III ,'t Jl'" 
Figme 3-11 : Transfer ofpattems using positive and negative resists. [Sin94] 
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The resists used in optical lithography have a number of components. The basic 
matrix material, called a resin, has the requisite mechanical properties and also serves 
as a binder. It can withstand both chemical and plasma etchings. Since the resin may 
not be sensitive to optical radiation, a sensitizer is added. In a positive resist, the 
sensitizer is photosensitive, absorbs optical radiation, and helps in the breakup of the 
polymeric chains. In a negative resist, the sensitizer facilitates the transfer of optical 
energy to the resin, resulting in cross-linking of the polymeric chains. A solvent is 
incorporated into the resist to make it fluid so that it is easier to deposit the resist by 
spin coating. Other components of the resist are adhesion promoter and thinner. 
During lithography we control the uniformity and thickness of the resist, prebake and 
postbake conditions, conditions of development and exposure dose. 
The 'resist sensitivity' is defined as the optical dose required to effect complete 
solubility of the exposed regions and it is expressed in coulombs/m2. 
The resolution of a resist refers to the smallest feature that can be resolved using that 
particular resist. The resolution therefore represents the minimum feature size that can 
be replicated into a resist. 
A resist will be effective if, after absorbing the initial energy, its top portions become 
transparent to further irradiation. In this way the upper regions of the resist, which are 
exposed first, do not prevent the radiation from going through the resist and reaching 
its unexposed portions. The resists can be deposited on a variety of materials, such as 
silicon, chromium, gold and diamond. In each case the resist must have adequate 
adhesion to the underlying substrate. Extensive undercutting, loss of resolution, and 
destruction of film can result from poor adhesion. Elevated temperature postbake 
cycles also promote adhesion. Dehydration bakes prior to coating also improve 
adhesion. A typical positive photoresist used in optical lithography consists of a low 
molecular weight type of resin called novolac. The sensitizer (photo active compound) 
is a molecule called diazonaphthaquinone, which makes the resist insoluble in 
aqueous developing solutions. On the absorption of light, the diazonaphthaquinone 
undergoes a photochemical rearrangement known as the Wolff rearrangement shown 
in Figure 3-12. Then the addition of water creates a molecule that is soluble in the 
basic solutions used as a developer. 
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Figure 3-12: Photochemical reactions of positive resist [Mah99] 
Since the developer does not penneate the unexposed film regions, the positive resists 
retain their size after exposure and even after immersion in the developer. In order to 
obtain a good resolution it is necessary to have a flat surface and a thin resist. But 
during device fabrication the resist layers have varying thicknesses, due to non perfect 
planarity, which limits the achievable resolution. Even though the spin-coated resist 
films tend to planarize or smooth out the bumps (see figures 3-13 and 3-14 and 
Appendix A), the extent of planarization is not ideal and this contributes to the loss of 
resolution. If the development does not produce vertical walls, the time required to 
develop an image at the proper dimensions at the substrate in a thin area is insufficient 
to develop an image at the substrate in the thick area. If overdevelopment occurs, the 
thin areas will give line widths that are too wide. Another problem that can arise 
regards the light transmitted through the resist that is reflected from the substrate: the 
two light waves interfere with each other, producing standing waves . In addition, the 
material composition and the scattering of light from surface features produce 
linewidth variations that are particularly severe when highly reflective materials are 
used. 
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Figure 3-13: Spin coating of a resist on a wafer [Sin94] 
Figure 3-14: Photoresist film fo rmation: (a) coating with photoresist; (b) commercial photoresist 
spinner [Mor83 ]. 
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3.3.1 Prebake 
The intention of the prebake is to evaporate most of the solvent and thus dry the resist 
film. This also prevents the sample covered in photoresist from sticking to the mask 
when they touch during exposure, with the possibility of ruining the mask. The 
prebake on our sample was performed on a hot plate at a temperature of 100°C for a 
period of 40 seconds. 
3.3.2 Exposure 
The simplest method for transferring a desired pattern onto a resist is to hold the 
photolithographic mask (where the master pattern of the circuit is) in contact with the 
resist and expose the resist to light. As a result, we obtain an image in the resist that is 
defined by the shadow of the desired set of shapes that are present in the mask. This 
technique is called contact printing. The minimum line width L W, that can be 
satisfactorily printed is given by 
Eg.3-1 
where A. is the wavelength of photons and d is the mask-wafer separation. The source 
of photons in optical lithography systems is typically a high-pressure mercury light 
operating at around 35 to 40 atm pressure. Three wavelengths emitted by the source at 
436 nm (O-line), 405 nm (H-line), and 365 nm (I-line) are of particular interest. In 
this work the light source and mask aligner SUSS MJB 3 UV 300 was employed 
(Figure 3-15). 
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Figure 3-15: Light source and mask aligner SUSS MJB 3 UV 300 
All positive working AZ photoresists are sensitive to U-V light. For proper operation 
the light energy must be absorbed by the photoactive compound (PAC) which by 
exposure is converted into indene carboxylic acid. This acid later on is dissolved in 
the alkaline developer. The spectrum of light to which the resist responds is 
determined by two factors: below 310 run the novolak resin shows high absorption 
preventing sufficient penetration of the light, above 440 nm the naphthoquinone 
diazide (PAC) shows a steep roll-off in absorption and thus photosensitivity. At 475 
nm and above the resists are completely transparent and no longer sensitive, therefore 
they are generally handled and processed under yellow light. During exposure 
absorption of the PAC decreases due to conversion into indene carboxylic acid. This 
is one reason why positive resist exhibits high resolution and almost vertical wall 
profiles. When exposure starts in a top layer, this layer becomes more transparent in 
the exposed areas (compared to unexposed areas) and acts like a mask for further 
exposing underlying layers. In this way the conversion of PAC further proceeds into 
the resist until the bottom. In our case the photoresist coated CVD diamond was 
exposed for 3.6 seconds under U-V illumination. 
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Figure 3-16: Overview of alignment, exposure and development steps , 
3.3.3 Development 
Ill,]sk 
F'R 
Exposed areas of resist are dissolved during development . Developers are aqueous 
alkaline solutions either based on sodium hydroxide (inorganic developers) or tetra 
methyl ammonium hydroxide (TMAH) (organic developers). The developer used in 
the making of our device was the AZ 400K from Hoechst Corp. This is an odourless, 
aqueous, free of phosphates, inorganic alkaline solution. The AZ 400K developer was 
mixed to deionised water in the ratio 1 :3, typically 25 ml of developer and 75 ml of 
deionised water; the solution temperature was 20°C. The sample was immersed in the 
solution for 90 seconds and a light mechanical agitation was applied. After 
development the sample was immediately rinsed in deionised water, then force dried 
with a nitrogen gun and checked under an optical microscope to find out the if the 
outcome of the development process was satisfactory. 
3.3.4 Postbake 
The intention of the postbake is to stabilise the photoresist further for subsequent 
processes. In our case the sample was put for 30 minutes on a hotplate at a 
temperature of 100°C. 
A full description of the Photolithographic process used In this work IS g1Ven In 
Appendix A. 
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4 Electrical and X-ray device characterisation 
The D 1 coplanar CVD diamond detector was fabricated (as reported earlier) from free 
standing polycrystalline CVD diamond film with a thickness of 70 /-lm, supplied by 
De Beers Industrial Diamonds (UK) Ltd. Inter-digitated electrodes were fabricated on 
the unpolished growth surface of the diamond. On this surface the diameter of the 
diamond crystallites was typically 20 /-lm. Metal contact electrodes were realised 
using thermally evaporated Crl Au and conventional photolithography followed by a 
high temperature anneal in a nitrogen atmosphere. No post-processing surface 
treatments were applied to the device. Two sets of devices were fabricated with inter-
digitated electrodes, one device having an electrode width and inter-electrode gap of 
50 /-lm, and the other having an electrode width and inter-electrode gap of 100 /-lm. 
A summary of the various devices that were fabricated and tested in this work is given 
in Table 4-1, at the end of this chapter. 
4.1 IV Measurements 
4.1.1 Device Dl 
Current-voltage measurements were performed on the fabricated CVD diamond 
devices using a Keithley 487 picoammeter controlled via a PC to save the measured 
current values for each voltage applied across the device. For each applied voltage 5 
current measurements were taken, averaged and saved. In Figure 4-1 we can see the I-
V characteristic curve (dark current) for the D1 device. The curve looks ohmic and 
stable in the range 0-500 volts. The measured current at 500 volts has a value of 4 nA; 
the corresponding total bulk resistance for this device gives a value of 1.2 x lOll Q. 
We can notice the enhancement of the current and its deviation from linearity when 
the device is illuminated by a 60 watt white light source. This is probably due to the 
nature of the chromium contact that creates a charge trapping-detrapping behaviour 
when light photons impinge on the contact electrodes. 
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4.1.2 Device DF3 
In Figure 4-2 we have the I-V curve for the DF3 device. The voltage range is 0-300 
volts; the curve has a linear behaviour up to ~280 volts, with a corresponding very 
low dark current value of 2 pA. After 280 volts there is a steep increase in the 
measured current and (see Figure 4-3) the current reaches a value of 0.2 nA at ~3 30 
volts and becomes more unstable, reaching a peak of 0.6 nA at 410 volts and a value 
of 1.8 nA around 450 volts. In Figure 4-4 and Figure 4-5 the I-V curve for the DF3 
device is measured using a negative voltage. The linearity is maintained up to ~250 
volts and the behaviour of the curves resembles the positively biased I-V 
characteristics. The resistance obtained from the slope of the linear part of the I-V 
curve gives the very high value for the total bulk resistance of 1.2 x 1014 n. 
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300 
4.1.3 Device BG5solo 
Figure 4-6 shows the I-V curve of the BG5solo device. Between -10 and 10 volts the 
curve is fairly ohmic, with a quite high value of the dark current at 10 volts of 0.10 
J.!A, while at -10 volts the current value rises up to 0.17 ~A. Figure 4-7 shows the as-
implanted (i.e. not annealed) BG5solo I-V curve between -180 and 180 volts. The 
value of the dark current at 180 volts is 15 ~A while at -150 its value is 13 J.!A. From 
-150 to -180 volts the current begins to decrease to a value of 10 ~A, asymmetrically 
with respect to the positively biased side of the curve. The value of the resistance is 7 
x 107 Q. After annealing there is a very large drop in the resistance of the device. The 
behaviour of the I-V curve is shown in Figure 4-9, the characteristic is ohmic with a 
dark current value of 10 ~A at +/- 10 volts. The total resistance derived from the slope 
of the curve is 8.5 x 105 Q, two orders of magnitude less than the as- implanted 
BG5solo device. 
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4.1.4 Device BG lOsolo 
The I-V characteristic of the as-implanted BG 10solo device is sketched in Figure 4-9, 
is fairly linear between -100 and +60 volts with dark current values of around 2 nA at 
these two voltages. After +60 volts there is an asymmetrical high increase in current, 
with a measured value of 33 nA at +100 volts. As we can see in Figure 4-10 the 
dark current between -50 and +50 volts is extremely low, with values less than the 
limit of detection of the Keithley 487, estimated at 1 pA. The resistance value is > 1 X 
lOll Q in this part of the curve. 
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After being annealed the BG10solo device becomes much more conductive, with a 
major increase of its dark current that reaches a value of 20 /-lA at +/- 1.3 volts. The I-
V curve is purely ohmic, as we can see in Figure 4-11, and the resistance value drops 
to 6.5 x 104 Q. It is very interesting to note the behaviour of the I-V curve for the 
BG10solo after its etching in a sulphuric acid solution (Figure 4-12). The dark current 
value drops to 0.70 J.lA at +/- 500 volts, giving a resistance value that increases back 
up to the value of 6.7 x 108 Q. 
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In Figure 4-13 and Figure 4-14 we have a phase contrast microscopy (P.C.M.) image 
of the B05, BOlO, B020 and B050 devices. What the phase contrast microscopy 
system does is to enhance the destructive interference of the light passing through the 
sample. Using this technique transparent structures (such as diamond) may be 
visualized in phase microscopy by producing contrast from refractive index 
inhomogeneities in the sample rather than from light absorption inhomogeneities. The 
situation is quite dissimilar for differential interference contrast (Nomarski) imaging 
(D.LC., see Figure 4-16, Figure 4-17, Figure 4-22 and Figure 4-23) which is a 
modification of phase microscopy, where optical path length gradients (in effect, the 
rate of change in the direction of optical rays) are primarily responsible for contrast. 
Steep gradients in path length generate excellent contrast, and images display the 
pseudo three-dimensional relief shading which is characteristic of the DIC technique. 
In Figure 4-13 and Figure 4-14 the design of the devices is clearly visible, with the 
central common electrode and the interdigitated finger contacts that have a "brown" 
colour given by the graphitisation process, while the diamond areas assume a 
predominantly "white" colour in the P.C.M. image. 
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Figure 4-13: Phase Contrast Microscopy Image, BG devices 
Figure 4-14: Phase Contrast Microscopy Image, BG devices, backside view 
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4.1.5 BG5 device 1-V measurements 
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Figure 4-15 shows the I-V curve for the as-implanted BG5 device (Figure 4-16 and 
Figure 4-17 for DIC images and Figure 4-18 for the PCM image). The curve follows a 
fairly linear trajectory but its dark current is very high with a value of 20 /lA at just 
+/- 8 volts. When the applied voltage is greater than 8 volts the corresponding current 
reaches overflow values, too high to be measured by the Keithley 487 . A reason for 
this very high conductivity before annealing can possibl y be found in short circuits 
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created during the fabrication of the device by flaws and non uniform deposition of 
photoresist, perhaps due to foreign dust particles present on the area of the BG5 
device and visible in Figure 4-17. The resistance value is 4 x 105 n in the range +/- 8 
volts and remains unaltered after the annealing of the device. 
Figure 4-17: BG5 device D.I .C. Image of damaged area 
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Figure 4-18: Phase Contrast Microscopy Image, BG5 device 
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4.1.6 BGIO device I-V measurements 
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Figure 4-19 shows the I-V curve for the BGI0 device. Between +/- 20 volts (see 
Figure 4-20) the values of the measured current are very low, oscillating around the 
zero value with a peak of 0.8 nA at -18 volts. The corresponding value of the 
resistance in this range of voltages is of the order of 6 x 10 10 Q . Between - 100 and 
+60 volts the resistance decreases to around 3 x 108 Q , the dark current reaches 0.15 
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J!A symmetrically at +/- 60 volts, while at -100 volts the measured current is 0.441lA 
compared to a value of 0.11 IlA at +100 volts. After +60 volts the current values 
oscillate around 0.1 JlA and do not increase linearly in the same way as on the 
negative voltage side of the curve. After annealing (Figure 4-21) there is a dramatic 
increase in the dark current. At just +/- 3 volts the measured current reaches a value of 
21lA for a corresponding resistance of 1 x 106 Q. 
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Figure 4-21: BG10 device IV curve, showing the affect of annealing. 
A differential interference contrast image of the BG 10 device is shown in Figure 4-22. 
The image was taken after boron implantation and before annealing. The device is 
still not completely cleaned as we can see black spots due to remaining traces of 
photoresist. In the D.l.e. image of Figure 4-23 we have an enlarged view of the BG 10 
device. The electrodes design is clear; after annealing the graphitised areas will 
assume a much darker colour, typical of graphite. 
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Figure 4-22: BO 10 device D.I .e. Image 
Figure 4-23 : BOlO device D.Le. Image, enlarged view 
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4.1.7 BG20 device I-V measurements 
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Figure 4-25: As-implanted BG20 device I-V curve, -150/+250 volts range. 
The I-V characteristic of the as-implanted BG20 device is sketched in Figure 4-24 and 
Figure 4-25. Between -150 and + 250 volts the curve shows very low dark current 
values of around 1 nA at -150 volts and around 3 nA at +250, although from one data 
point to the other there are oscillations of 1 nA. The resistance for this part of the 
curve is of the order of magnitude of 1 x 1010 Q. For voltages beyond -150 volts 
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there is a steep increase in the measured dark current, which reaches a value of 50 nA 
at -250 volts. This phenomenon does not occur on the positive side of the curve. 
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Figure 4-26: BG20 device I-V curve, range +/- 50 volts. 
After annealing there is again an extremely high increase in the measured dark current 
(Figure 4-26) which reaches the value of 1.2 J.lA at +/- 40 volts. The curve looks fairly 
ohmic between -50 and +40 volts but after this voltage there is a large increase in 
conductivity. The resistance for the ohmic part of the curve is of the order of 1 x 107 
Q. 
The pictures in Figure 4-27 and Figure 4-28 are phase contrast images of the BG20 
device (after annealing). In Figure 4-27 we can see a defect in the fabricated device. 
Two graphitised fingers are interrupted and so they create a non-active area in the 
device that will not contribute to the measured electric signal. Figure 4-28 shows the 
rest of the device that appears not to have any other flaws in the detector layout. 
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Figure 4-27: Phase Contrast Microscopy Image, BG20 device (Top). 
I \ 
, I 
Figure 4-28: Phase Contrast Microscopy Image, BG20 device (bottom). 
4.1.8 BGSO device J-V measurements 
The I-V characteristic curve for the BG50 device, after boron implantation and before 
annealing, is shown in Figure 4-29 and Figure 4-30. The curve looks ohmic between _ 
160 volts and +260 volts, reaching a dark current value of around 0.01 j.lA at those 
two voltages. The resistance was derived from the slope of the line in the voltage 
interval mentioned and its value is 1 x 1010 n. When the voltage applied is lower than 
- 160 volts we have a linear increase of the dark current with a steeper slope than in 
the - 1601+260 volts interval. The resistance drops one order of magnitude to a value 
of 2 x 109 n and the dark current value reaches 0.07 j.lA. In the segment of the curve 
where the voltage is above to +260 volts there is again a high increment in the 
conductivity and the resistance value is 8 x 108 n, with a measured dark current value 
at +300 volts of 0.06 j.lA. 
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After annealing (see Figure 4-32) the I-V curve looks highly ohmic in the range 
between -100 and +80 volts, at these voltages the dark current increases to -0.5 ~A 
and 0.4 ~A respectively. The resistance in this voltage range is 2 x 108 Q, dropping 
two orders of magnitude from the as-implanted value in the same range of voltages. 
From +80 to +100 volts the I-V curve loses its ohmicity and the current values 
saturate around 0.4 ~A. In. Figure 4-31 we can see a DIe Image of the BG50 device. 
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Figure 4-31 .: BG50 DIe Image 
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Figure 4-32 : I-V characteristic CUIVe for the BG50 device, after annealing 
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4.1.9 Summary of IV measurements 
The devices D1 and DF3, both fabricated using chromium evaporated contacts, 
exhibit a very high resistance and small dark current and appear to be ohmic and 
stable in a large voltage range, up to SOO volts for the D 1 device and up to around 300 
volts for the DF3 device. The D1 device exhibits a resistance of 1.2 x 1011 Q but 
appears to be very sensitive to light. The DF3 device exhibits an extremely high 
resistance of 1.2 x 1014 Q, Its sensitivity to light will be discussed in a following 
chapter. The boron implanted, graphitised device BGSsolo is characterised by a low 
resistance of 7 x 107 Q, perhaps due to short circuits, dropping to a value of 8.S x 105 
Q after annealing. The BG 1 Osolo device is characterised by a much higher resistance 
than the BG5solo. Its value is superior to 1 x 1011 Q and drops to an extremely low 
value of 6.S x 104 Q after annealing. It is very important to note the increase of four 
orders of magnitude in the value of the resistance after the etching of the BG 10s010 
device. The BGS device is very unstable and highly noisy due to difficulties in its 
fabrication because of the small distance (S /-lm) between interdigitated electrodes. 
This helped to create flaws and superposition of the electrodes. The BG 10, BG20 and 
BGSO devices all exhibit a resistance value before annealing of around 1010 Q. After 
annealing the respective values for their resistance drops respectively to 1 x 106 Q, 1 
X 107 Q and 2 x 108 Q. This difference of one order of magnitude between them is 
probably due to the respective distances between their electrodes of 10, 20 and SO /-lm. 
After annealing their I-V curves also exhibit a fair linearity over a different range of 
voltages. 
In the next section we will test those devices to understand which fabricated contact is 
best suited to make CVD diamond a reliable radiation dosimeter. 
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Dl device Total Resistance 
sffiall grains 1.2 X 1011 Q 
50-100 J..lffi chromiuffi contacts 
DF3 device Total Resistance 
large grains 1.2 X 1014 Q 
100 J..lffi chromium contacts 
BG5solo device Total Resistance Total Resistance 
5 J..lffi boron graphitised contacts before Annealing after Annealing 
small grains 7 X 107 Q 8.5 X 105 Q 
Total Resistance 
after Annealing 
BG lOsolo device Total Resistance 6.5 X 104 Q 
10 J..lffi boron graphitised contacts before Annealing 
small grains > 1 X 1011 Q 
after Etching 
6.7 X 108 Q 
BG5 device 
5 J..lffi boron graphitised contacts Electrical Instability Unstable 
large grains due to short circuit Overflow at 8 Volts 
BGlO device Total Resistance Total Resistance 
10 J..lffi boron graphitised contacts before Annealing after Annealing 
large grains 6x 1010 Q Ix 106 Q 
BG20 device Total Resistance Total Resistance 
20 J..lm boron graphitised contacts before Annealing after Annealing 
large grains Ix 1010 Q Ix 107 Q 
BG50 device Total Resistance Total Resistance 
50 J..lffi boron graphitised contacts before Annealing after Annealing 
large grains Ix 1010 Q 2x 108 Q 
Table 4-1: CVD diamond devices, I-V measurements summary 
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4.2 Photocurrent Measurements 
4.2.1 Photocurrent Measurements of Thermally-Evaporated devices 
Illumination of diamond with photons of energy greater than the bandgap (5.4 eV) 
leads to photon absorption and generation of an electron-hole pair. If an electric field 
is applied across the diamond as a result there will appear a current flow, until the 
electron recombines with a hole. The size of the photocurrent depends on the charge 
drift length in the material, and will increase as the electrical bias is increased and the 
separation between the electrodes is decreased, although at high fields the current will 
saturate. 
We investigated the performance of the coplanar diamond structures for use as 
ionising radiation detectors, particularly for the detection of X-ray radiation. The 
detector response to 30 kV(peak) X-ray irradiation was investigated for possible 
medical dosimetry applications [ButOO]. 
Figure 4-33: photocurrent measurements performed on the 50 ).lm pitch coplanar diamond ~etecto~, 
when irradiated with a silver anode X-ray generator operating at 30 kV. Each pulse was obtamed usmg 
a different dose rate, indicated on the figure in mOy/s, in the range 2-0.4 mOy/s. The detector was 
biased at 200 V, after an initial priming of 30 Oy. 
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Figure 4-34: maximum photocurrent obtained from the coplanar detector D 1 as a function of incident 
dose rate. The sensitivity measured from this data was 2.1 x 10-5 C/Gy. 
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The 50 /-tm 'fine pitch' device Dl was irradiated with X-rays from a silver anode 30 
kV X-ray generator and the resulting photocurrents were measured using a computer 
controlled Keithley 487 picoammeter/voltage source. The detector was initially 
primed, with zero applied bias and under dark conditions, with a dose of 10 Gy. 
Figure 4-33 shows the time evolution of the photocurrent signal following priming 
and after application of a bias voltage of 200 V. All measurements were taken under 
dark conditions. Initially an X-ray dose rate of 2 mGy/s was applied to the detector 
and the gradual evolution of the photocurrent over a period of approximately 35 min 
can be clearly observed, starting from an initial dark current of 4 nA. After this 
period, the X-ray beam was pulsed repeatedly (with a pulse duration of approximately 
3 min) using a range of dose rates, from 2 to 0.4 mGy/s. A final pulse was measured 
at a dose rate of 2 mGy/s to check the reproducibility of the detector. At this particular 
pulse repetition rate, the dark current that was measured after each pulse was 
approximately 12 nA. It was necessary to wait for several minutes for the dark current 
to decrease to the original value of 4 nA. Dividing the photocurrent value generated at 
2 mGy/s (65nA) by the dark current, the signal to noise ratio appears to be ~6. 
Figure 4-34 shows the peak photocurrent response obtained from the previous data at 
each of the measured dose rates. The graph shows an approximately linear response to 
the photocurrent as a function of dose rate, with a measured sensitivity of 2.1xl0-5 
C/Gy. 
Figure 4-35 compares the photocurrent response under dark conditions (in green the 
primed curve), and with direct illumination of a 60 W incandescent lamp (curve in 
black), using a X-ray dose-rate of 13 mGy/s. The response with light is significantly 
enhanced, but in both primed cases there is still a long time constant associated with 
the growth of the photocurrent. Both signals required in excess of 30 min in order to 
reach a steady value. 
The slow growth in the amplitude of the photocurrent from our CVD devices is very 
similar to that observed by Tromson et al. [Tr02000] using diamond X-ray detectors 
fabricated from unselected natural diamond. These effects are consistent with the 
filling during irradiation of traps that are active at room temperature, and that reach a 
new equilibrium state corresponding to the stable photocurrent. Similar 'pumping' 
effects have been used with diamond microstrip and pixel detectors to increase the 
observed sensitivity of the devices [RD42]. An increase in the sensitivity of CVD 
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diamond detectors when irradiated with sub-bandgap light has also been widely 
reported, and is possibly associated with the quenching of space-charge in the device 
[Sou97]. In Figure 4-36 we can see the photocurrent response to several pulses of x-
ray photons at a 2mGy/s dose rate for the Dl detector. The first pulse lasts 10 
minutes and we can note the increase in the photocurrent from a value of - 0.005 J,lA 
to a value of -0.03 J,lA. The pulse is then switched off for one minute and the current 
drops down slowly to a value of - 0.006 J,lA. Two other pulses each lasting about 2 
minutes were then applied, causing an increase of the current to values superior to 
0.03 J,lA. It is important to note that the two pulses follow the pattern of the curve 
created by the first pulse. After a switch off of a few seconds a fourth pulse is applied, 
but this time with a white light of 60 Watts illuminating the detector. The effect is a 
twofold increase of the photocurrent response (compared with the blind period) to a 
value of 0.06 J,lA. After the light was switched off the current began to decrease 
slowly and linearly, reaching a value of 0.05 J,lA after 3 minutes. At the end of this 
period the X-ray pulse was switched off and the current decayed exponentially to a 
value of 0.028 J,lA in - 30 seconds. A final X-ray pulse was then applied for two 
minutes, the photocurrent reaching a peak current of 0.045 J,lA and roughly still 
following the curve originally traced by the first two pulses. After the X-ray pulse was 
switched off the current decreased to a dark current value of 20 nA in around two 
minutes. 
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Figure 4-36: Photocurrent response to several pulses of X-rays for the D 1 detector. 
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Figure 4-37 shows the photocurrent response to ~ 10 second X-ray pulses (at the same 
dose rate values of Figure 4-33) for a silicon photodiode detector biased at +5 volts. It 
is noteworthy that the silicon detector is unable to discriminate between the values of 
2, 1.8 and 1.6 mGy/s. The same happens for the values 1.2-1.0 and 0.8-0.6; moreover 
a second measurement for the 2 mGy/s dose rate gives a higher value of 6.9 nA 
compared to the previous one of 6.7 nA. The signal-to-noise ratio is also quite poor, 
with an inter-pulse dark current that reaches a level of 6-6.1 nA. 
In Figure 4-38 we have the photocurrent response of the CVD diamond detector DF3 
to X-ray pulses generated by the same silver anode 30 kV(peak) X-ray tube. The DF3 
detector was biased at -300 volts, the X-ray pulses lasted for ~3 minutes each apart 
from the first one that lasted ~ 40 minutes. The first X-ray pulse of 2 mGy/s gave a 
photocurrent which reached a value of 60 nA after 3 minutes, then the photocurrent 
value increased linearly, reaching a value of 85 nA after 40 minutes. When the X-ray 
flux was stopped the current decreased exponentially to a value of ~9 nA in about 2 
minutes. 
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Subsequently the shorter X-ray pulses were applied in the dose rate sequence: 2, 1.8, 
1.6, 1.4, 1.2, 1.0, 1.0,0.8 and 0.6 mGy/s. In Figure 4-39 we can see the linearity of the 
measured values of the photocurrent as a function of the applied dose rates. Each 
current value was taken 1 minute after the X-ray pulse start. The measured 
photocurrent value at a dose rate of 2 mGy/s was 80 nA, the dark current between 
pulses was ~ 9 nA, giving a signal-to-noise ratio of ~9. The sensitivity of the DF3 
device as an X-ray solid state dosimeter was calculated from the slope of the 
regression line and its value was 3 x 10-5 C/Gy. In Figure 4-40 we see the effect of 
applying a 60 W white light to the detector DF3. The photocurrent measured at a dose 
rate of 2 mGy/s jumps instantaneously from a value of ~ 80 nA to ~ 100 nA, and 
increases up to a value of 110 nA after ~3 minutes. After this time the photocurrent 
value seems to stabilise. When the X-ray flux is interrupted but the light is still on, the 
current decreases with a longer decay time to a dark current value of ~ 30 nA after 4 
minutes, while when no light is applied a value of ~ 10 nA is reached after 40 
seconds. This result leads to the conclusion that the DF3 device is highly sensitive to 
white light, as a seen also in detector D 1. 
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Figure 4-40: DF3 device photocurrent response to X-ray pulses and light 
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4.2.2 X-ray characterisation of Boron Graphitised devices 
The behaviour of the boron implanted and graphitised contacts device BG20 is 
extremel y different from the other devices. Figure 4-41 shows the response of the 
BG20 device to X-ray pulses lasting approximately 2 minutes at different dose rate 
values from 2 mGy/s to 0.4 mGy/s (indicated on the graph by the corresponding 
filament current of the X-ray tube, ranging from 500 JlA to 100 JlA ). The detector 
was biased at -300 volts and the X-ray generator was the same silver anode 30 
kilovolts (peak) used previously. After the X-ray pulse was switched on the 
photocurrent instantaneously reached a value that remained stable in time after an 
initial overshoot lasting around 4 seconds. When the pulse was switched off the 
current also decreased almost instantaneously to a very low dark current level of 0.2 
nA, that is the same value that was measured before the application of the X-ray 
photon flux. Figure 4-43 displays the linearity of the photocurrent response to the 
applied X-ray pulses of the different dose rates from Figure 4-41. The measured 
photocurrent corresponding to a 2 mGy/s dose rate pulse is 19 nA. Since the dark 
current has a value of 0.2 nA the corresponding signal-to- noise ratio is - 100. From 
the slope of the regression line we have a calculated value for the sensitivity of 8 x 
10-6 C/Gy. In Figure 4-42 the photocurrent generated by a 2 mGy/s dose rate X-ray 
flux is compared to the value of the same pulse applied together with light from a 60 
watts white lights source. Contrary to detectors D 1 and DF3 there is no increase in the 
current level for the BG20 detector. The current level is exactly the same (just below 
19 nA) for the two pulses. After the light is switched off the dark current reverts with 
the same rapidity to its previously measured level of - 2 nA. It appears that the BG20 
device is completely insensitive to white light. In Figure 4-44 the same pulses of 2 
mGy/s are applied for 1 minute (with no light on) at different bias voltages of -50, -
100 and -200 volts. The current level appears to increase linearly with voltage, 
keeping the same characteristics of stability with time. It is important to note that at -
50 volts no phenomenon of current overshoot is present. 
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Figure 4-44: BG20 device photocurrent response to X-ray pulses at -50, -100 and -200 volts bias 
The CVD diamond device BG50 was fabricated using the same method as the BG20 
device, the only difference being in its larger electrode width and inter-electrode gap 
of 50 !-lm. We can see in Figure 4-45 the response of the device BG50 (biased at -200 
volts) to 1 minute pulses of X-ray photons at different dose rates from 2 mGy/s (500 
!-lA filament current) to 0.4 (100 !-lA). The photocurrent response looks similar to the 
BG20 device in showing a brief initial overshoot and stability with time. The value 
reached by the photocurrent at a dose rate of 2 mGy/s is 29 nA. When the X-ray flux 
is switched off the device reaches a dark current value of - 8 nA in about 4 seconds. 
The dark current maintained the same value after the subsequent pulses were applied. 
When a second 2 mGy/s X-ray pulse was finally applied, its corresponding current 
value was again 29 nA, confirming the stability of the device in time. This pulse 
differed however, in not showing any transient initial overshoot current. The signal-
to-noise ratio at this dose rate is -4. In Figure 4-46 we can note the linear response of 
the measured photocurrent to the different dose rates. From the slope of the regression 
line the calculated sensitivity for detector BG50 was 9 x 10-6 C/Gy. At an applied 
voltage of -150 volts the behaviour of the BG50 device is not much affected (see 
Figure 4-47). A slight decrease in the photocurrent values for each dose rate is 
noticeable: at 2 mGy/s the current reaches a value of -24 nA compared to the -200 
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volts value of -29 nA. Between the fourth and the fifth pulse the dark current and the 
photocurrent appear to decrease abruptly by - 2 nA. 
When the detector was biased at -100 volts two X-ray pulses of 2 mGy/s dose rate 
were applied. During the first pulse a 60 watts white light was illuminating the 
detector. In the first pulse we still have the overshoot phenomenon, but the current 
after an initial steady increase begins to stabilise after - 30 seconds to a value of 19 
nA. The X-ray flux was then interrupted and after 30 seconds the white light was 
switched off as well. The dark current dropped from 5 nA to 3 nA, and when the pulse 
was applied again its photocurrent value was stable around 15 nA after an initial 
overshoot (see Figure 4-48). Contrary to the BG20 device it appears that the CVD 
diamond detector BG50 is affected by white light illumination, which causes a 
temporary instability in the photocurrent response and an increase of its value of 
about 4 nA. 
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Figure 4-48: BG50 device photo current response to X-ray pulses and light 
The response of the detector BGI0 to X-ray pulses at 2 mGy/s dose rate is pictured in 
Figure 4-49. In the first 90 seconds of the measurement the dark current showed an 
oscillating behaviour around a value of 0.305 /lA. After the X-ray flux was applied to 
the detector an initial increase up to a value of 0.315 /lA was observed, but then the 
photocurrent value decreased erratically back to dark current level. Afterwards a 60 
watts white light was applied to the detector BG 10, inducing an increment in the 
photo current up to a value of 0.34 /lA. After ~ 7 minutes the X-ray pulse was applied 
again with the light on and the photo current reached a peak of 0.355 /lA. When finally 
the pulse and the light were switched off the current value decreased exponentially 
down to 0.325 /lA. 
The detector BG 10 appears to behave in a very erratic and unstable manner, with very 
high dark current and oscillating photo current value relative to the X-ray pulse 
applied. It also appears to be highly sensitive to light. These problems are probably 
due to the presence of conducting paths between the contacts. The use of the BG 1 0 
device as a X-ray solid state dosimeter appears at this stage not to be reliable. 
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Figure 4-49: BG 10 device photocurrent response to X-ray pulses and light, -1 volt bias 
113 
4.2.3 Summary of photocurrent measurements 
The early fabricated Dl and DF3 detectors exhibit a linear response to X-ray photon 
fluxes at different dose rates, but they display a large increase of their current 
response and dark current when illUminated with white light, moreover the signal 
becomes stable after more than 30 minutes. Their response is also dependent on their 
priming history: when primed they show a slower response to the X-ray flux. This 
effect is reversed when the detector is exposed to white light. 
The detectors fabricated using boron implantation and graphitised contacts exhibit 
different behaviour. The BOlO device is very noisy, unstable, highly sensitive to light 
and its response to X-rays is erratic due to conduction between the graphitised 
contacts. 
The CVD diamond detector B050 exhibits a linear and stable response to X-rays, 
with fast rise time and fast signal decay to low dark current level. The B050 appears 
to be sensitive to light, which causes an increase in the signal amplitude and dark 
current, but doesn't affect the linearity and stability of the detector response. 
The detector B020 displays excellent discrimination between different dose rates of 
X-ray beams with a signal to noise ratio of 100. Its response time is very fast as is the 
time needed to revert to its very low dark current values. The B020 is completely 
unaffected by light and its response is stable in time. The CVD diamond detector 
B020 seems to display excellent characteristics as a solid state X-ray dosimeter. 
Detector Dark Current Sensitivity Signal/Noise 
Dl (50 J,Lm) 4-12 nA 2 x 10-5 ClOy -6 
DF3 (100 J.,lm) 5-10 nA 3 x 10-5 ClOy -9 
B050 8nA 9 x 10-6 ClOy -4 
B020 0.2nA 8 x 10-6 ClOy -100 
Table 4-2: Photocurrent measurements summary 
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5 Charged Particle device characterisation 
5.1 Alpha Particle Measurements 
Studies have been made of the performance of the polycrystalline CVD diamond 
devices for use as alpha particle radiation detectors. The coplanar type of detector 
may be particularly suited for alpha particle detection, where the limited Bragg range 
of the alpha particle in diamond corresponds approximately to the penetration depth 
of the coplanar field into the diamond film. The spectroscopic response of a coplanar 
device is limited by the non uniform electric field that causes an inhomogeneous 
pulse-height response across the detector surface. This is one of the reasons why the 
energy resolution of the device is reduced. To this we have to add the limitation to the 
energy resolution caused by the charge carrier trapping due to grain boundaries, 
dislocations and impurity atoms. 
Pulse height spectra were acquired using a 241 Am alpha particle source with the 
diamond device connected to a charge integrating preamplifier (Ortec 142). The 
preamplifier was connected via a spectroscopy amplifier to a multichannel analyzer. 
The detector was irradiated under vacuum and in air, using an uncollimated 241 Am 
source. A precision pulser connected to the preamplifier was used to perform an 
energy calibration of the detector system, using a value of 13 eV for the electron-hole 
pair creation energy. 
Figure 5-1 and Figure 5-2 show the pulse height spectrum obtained for device D1 
when irradiated in vacuum. The 5.49 MeV alpha particles have an estimated 
penetration depth of -13 p,m in diamond. At a bias of 300 V, the device D1 with the 
50 ).lm wide inter-electrode gap shows a broad full-energy peak at an equivalent mean 
energy of 900 ke V, corresponding to a charge collection efficiency of -15 %. The 
broad width of the alpha peak is caused mainly by variations in charge collection 
efficiency due to the polycrystaUine structure, combined with the non-uniform electric 
field distribution. These non-uniformities in charge collection efficiency have been 
previously observed using ion beam induced charge microscopy [Man95] [ SeIOO] and 
will be discussed later using IBIC measurements directly taken on our devices. No 
evidence was seen of a reduction in the peak centroid position in the spectra as a 
function of irradiation time, as has been reported by other authors [Sou97] and 
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ascribed to polarisation effects. It is important to note that the two D 1 devices were 
fabricated on the same piece of diamond. The quality of this diamond sample was 
poor (small crystallites) but the improvement in centroid position in the 50 ~m device 
was caused only by the stronger and greater penetration electric field due to finer 
pitch electrodes. 
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Figure 5-3 shows the response of coplanar detectors Dl and DF3 when irradiated with 
the alpha particle source. Detector Dl was fabricated on medium quality material and 
detector DF3 was fabricated from high quality material. In both cases the electrode 
width and inter-electrode spacing was 1 00 ~m. As is typical of a coplanar electrode 
structure, the overall response of both detectors to alpha particles gives a broad 
featureless spectrum due to the large variations in pulse height response across the 
device's active area. However, these data do allow a relative comparison of the charge 
drift lengths observed in the two materials, since all other aspects of the devices such 
as contact geometry and fabrication methods are identical. By considering the end 
point of the two spectra it can be seen that the maximum pulse height obtained in the 
high quality material is approximately 3.5 times greater than in the medium quality 
material. This improvement is solely due to the improved size and ordering of the 
diamond crystallites in the high quality material, where the average crystallite 
dimension approaches that of the inter-electrode spacing. 
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Figure 5-4: Comparison between the alpha particle response (in air) of detector DF3 (in red) and detector 
BG50 (in blue), biased at -300 volts. 
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Figure 5-4 shows the comparison between the alpha particle response (in air) of 
detector DF3 (in red) and detector BG50 (in blue), biased at - 300 volts. The BG50 
device produces a clear broad peak which is not present in the DF3 spectrum. The 
diamond quality of the two detectors is comparable, although the better performance 
of BG50 is partly due to its narrower inter-electrode spacing of 50 ~m compared to 
the 100 !-lm of detector DF3. 
In Figure 5-5 the spectra of the response at -140 volts of detector BG50 to alpha 
particle in air and in vacuum are shown. The spectrum in vacuum displays a 100 % 
collection efficiency at the end of its tail and is characterised by a broad peak centered 
at an equivalent energy of 2.7 MeV, corresponding to around 50 % charge collection 
efficiency. The spectrum in air displays a different behaviour because of the loss of 
energy due to the interactions between alpha particles and air molecules. The energy 
in diamond displayed on the X-axis is derived from a calibration of the detector 
system that was made using a precision pulser connected to the preamplifier, using a 
value of 13 e V for the electron- hole pair creation energy. 
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Figure 5-5: alpha particle spectroscopy in air and vacuum of detector BG50 
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Figure 5-6 shows the pulse height spectra of the alpha response in air for detector 
BG50 at different bias voltages. At a bias voltage of 400 volts no counts are recorded 
above channel 170 for the background radiation level (yellow line). At 40 volts of 
applied bias the peak centroid is around channel 400 (purple curve). At 100 volts the 
peak centroid shifts to channel 500 (black curve). At 200, 300 and 400 volts (blue, 
green and red curve) the peak centroid remains fixed at around channel 600, 
indicating a saturation effect. The only difference in these spectra is a minor increase 
in number of counts at higher voltages. This is evidence of the saturation of the lateral 
charge drift distance at voltages greater than approximately 200 volts. For the IBIC 
studies presented later in this section it will be shown that the maximum charge drift 
length is defined by the diameter of the diamond crystallite. 
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Figure 5-6: Alpha particle spectroscopy in air of detector BG50 
Figure 5-7 shows the alpha particle response in air of the BG20 detector at different 
bias voltages, with a measurement time of 1200 seconds for each spectrum. The 
curve in green shows the background measurement at 40 volts, which displays no 
counts above channel 200. At 20 volts the alpha peak is not separable from the noise, 
there are counts visible up to channel 900 (curve in red). At 30 volts the alpha peak 
begins to become separated from noise, and counts are recorded up to channel 960 
(curve in blue). At 40 volts it is possible to see a peak separated from noise, broadly 
centred around channel 500, and counts are recorded up to channel 1000 (curve in 
red). At 50 volts the peak remains centred in the same position, the counts at lower 
energy channels decrease slightly while the counts at higher energies experience a 
small increase (curve in yellow). Consequently the saturation of the charge drift 
length is occurring at a significantly lower bias voltage compared to the BG5 0 device. 
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Figure 5-8: alpha particle spectroscopy in vacuum of detector BG 1 O. 
In Figure 5-8 we can see the performance of the device BG 10 as an alpha particle 
detector. At - 50 volts the maximum charge collection efficiency is ~ 77 % with a peak 
centred around 40 % and a noise of 40 counts at channel 300. At - 200 volts the BG 10 
device reaches a charge collection efficiency of 100 % with a broad peak centred 
around 77 % of charge collection efficiency. The very high noise at channel 300 is 
10000 counts. 
The alpha particle spectroscopy of detector BG20 in vacuum is shown in Figure 5-9. 
At - 50 volts there is a well defined peak centred around channel 400, corresponding 
to a mean charge collection efficiency of 28 %. Counts are still recorded around 700 
corresponding to a charge collection efficiency of ~50 %. The noise at - 50 volts is 
~ 20 counts at channel 180. At - 200 volts the peak centroid shifts to channel 800 for a 
mean charge collection efficiency of ~56 %. Counts are also recorded in the 100 % 
charge collection efficiency area of the spectrum. The noise at channel 180 reaches a 
value of 55 counts. 
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Figure 5-9: alpha particle spectroscopy in vacuum of detector BG20 
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Figure 5-10: alpha particle spectroscopy in vacuum of detector BG50 
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Figure 5-10 shows the alpha particle response of detector BG50 in vacuum. At -50 
volts we can see a peak separated from noise around channel 550 corresponding to a 
mean charge collection efficiency of 39 %. A few counts are still recorded in the 100 
% section of the spectrum, while the noise counts reach a value of 41 at channel 100. 
At -140 volts the peak centroid shifts to channel 710 corresponding to a mean charge 
collection efficiency of 50 %. At channels above 710 the counts recorded at -140 
volts are almost double their equivalent number in the -50 volts spectrum and reach 
100 % charge collection efficiency. The recorded noise at channel 100 is 168 counts. 
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5.1.1 Summary of Alpha Particle Spectroscopy 
The early fabricated detector D1 (50 J..lm chromium evaporated contacts, small 
crystallites) displayed a spectrum with a clear peak at 15 % mean charge collection 
efficiency and maximum efficiency of 36 %. 
Detector DF3 (100 J..lm chromium evaporated contacts, large crystallites) displayed no 
clearly defined peak, due to its wider contacts, but recorded 67 % maximum charge 
collection efficiency due to its larger crystallites. 
Detector BOlO (10 J..lm boron graphitised contacts, large crystallites), showed a mean 
charge collection efficiency of 77 % and a maximum charge collection efficiency of 
100 %, but high noise counts. 
The detector B020 (20 J..lm boron graphitised contacts, large crystallites) showed a 
mean charge collection efficiency of 56 % and a maximum charge collection 
efficiency of 100 %, and low noise counts. 
The detector B050 (50 J..lm boron graphitised contacts, large crystallites) showed a 
mean charge collection efficiency of 50 % and a maximum charge collection 
efficiency of 100 %, and low noise counts. 
The increase in mean C.C.E. from B050 to BOlO is attributable to the smaller contact 
spacing that allows better spectroscopy resolution but higher noise. 
The BO devices have achieved the one of the highest mean and maximum C.C.E. 
among CVD alpha particle detectors to date (see Figure 2-24 pag. 43). 
Detector MeanC.C.E. Maximum c.c.E. 
D1 (50 J..lm) 15 % 36% 
DF3 (100 J..lm) no clear peak 67 % 
BOlO 77 % 100% 
B020 56% 100% 
B050 50% 100 % 
Table 5-1: Alpha particle spectroscopy summary 
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5.2 IBIC characterisation 
5.2.1 Introduction 
The ion beam induced charge (IDIC) microscopy technique utilises a nuclear 
microprobe to focus Me V light ions to a spot size of about 1 to 3 microns on the 
surface of a semiconductor detector. A nuclear microprobe is very similar to a 
scanning electron microscope, except that it uses a series of magnetic quadrupole 
lenses to focus MeV ions, instead of ke V electrons. The interaction of the MeV ion 
beam with the sample enables high spatial resolution analysis through thick device 
layers. 
The main experimental difference when comparing IDIC with other beam induced 
current microscopies (e.g.: Electron Beam Induced Current and Optical Beam Induced 
Current ), lies in the method by which the electron-hole charge carriers are detected. 
Each incident electron for EBIC (typically with an energy of less than 20 keY), and 
each photon for OBIC, creates a relatively small number of carriers [Kle68], which 
cannot be resolved from the noise level. With these two techniques images are 
produced by displaying the variation in the current of charge carriers induced by a 
large, continuous incident beam, (typically 1-100 pA for EBIC), in order to increase 
the measured signal size above the noise level. With IDIC, each incident Me V ion 
creates such a large number of charge carriers that the charge pulses produced by each 
incident ion within the semiconductor material can be resolved from the noise level. 
IBIC experiments utilise standard charged particle detection electronics. Since 
individual charge pulses are measured with IDIC, the incident ion beam current is 
very low in order that the separate ion induced pulses can be measured using nuclear 
microprobe data acquisition systems. In most IDIC analyses a typical beam current of 
1 fA (6000 ions/s) is used. This beam current is produced using an extremely small 
collimator aperture, which enables focused beam spot sizes on the sample surface 
down to 1 micron. [Bre96] 
5.2.2 IBIC data acquisition system 
The collected charges are fed to a charge sensitive preamplifier (Ortec 142). The 
voltage pulses are subsequently converted to standard spectroscopic Gaussian pulses 
by a further amplifier. The signals are digitised by the AID converter and analysed by 
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the data acquisition software OMDAQ. This software also controls the signals from 
the scan coils amplified by the scanning amplifier. 
The software OMDAQ utilises a Pentium PC computer operating under WINDOWS. 
It can record the data through analogue digital converter inputs in addition to the X 
and Y beam coordinates. Count rates up to 30 kHz can be processed by the acquisition 
system [Gri94]. 
Various maps and energy spectra can be created on-line and monitored on a screen. 
The data from the detector ( pulse energy and associated beam X and Y coordinates) 
are recorded for every event and written into list-mode files on hard disk. The stored 
raw data contained in the list-mode files make it possible to process the data in a 
variety of ways off-line in order to optimise the contrast present in the maps [Gri94]. 
5.2.3 IBIC studies of CVD Diamond 
Ion beam induced charge (rnIC) analysis of CVD diamond was employed for the 
first time by the group of Manfredotti et al. at the University of Turin using the 
facilities available at the National Laboratories in Legnaro (Italy) and the proton 
microbeam of the Boskovic Institute in Zagreb (Croatia). They investigated the 
transport properties and probed the electrical field in a CVD diamond sample of 
'detector grade' quality with a 3 MeV proton microbeam. Because the material is 
polycrystalline, they assumed that the grain boundaries severely limit the collection 
length which, in the case of a pure crystal, would be much larger than grain 
dimensions as demonstrated in [Man94]. The map of the pulse height distribution 
must therefore be directly related to a map of the collection length, averaged over a 
thickness which is related to the range of the protons in the material and so directly 
related to the grain dimension distribution present in the first 100~m below the 
surface of the sample. 
They showed the non-homogeneity of collection efficiency both in rnIC 
measurements taken on the growth side of the device and also in rnIC measurements 
taken on the edge of the diamond, where the sample was hit on a cleaved cross-
section and the electrodes were on both the growth and the nucleation side. These 
lateral rnIC collection efficiency maps showed a columnar structure very similar to 
the structure observed by scanning electron microscopy images. The columns showed 
better collection efficiencies towards the growth side and poorer collection efficiency 
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on the nucleation side, in agreement with the linear model [Mei96] which assumes a 
collection length increasing linearly with sample thickness due to the increase in grain 
size in the growth side direction. It was also noted that when only the number of 
charge pulses was recorded for each pixel, the corresponding IBIC map was more 
uniform. This is very important for any future tracking application at CERN. They 
also used the ion beam induced luminescence (IBIL) microscopy technique to study 
the distributions of radiative and non-radiative recombination centres across the CVD 
diamond film and concluded that radiative recombination regions were spatially 
correlated but not essentially coincident with grain boundaries [RD42]. 
In 1997 Manfredotti et al. used IBIC microscopy to study the behaviour of the 
collection distance as a function of the absorbed radiation dose in natural diamond 
compared with CVD diamond. They concluded that an irradiation dose of 20 Gy 
produced an homogenisation of the mean collection length in natural type IIa 
diamond, while in CVD diamond the effect of irradiation was not to improve the 
collection efficiency but to average it out, probably due to an homogenisation of the 
space charge, with an increase of the counting rate. They also found that the average 
collection length for natural diamond was 90 J,lm, almost the same value as that 
deduced from the maximum collection efficiency in their CVD sample and they 
asserted that the crystals present in their sample can be more perfect and purer than 
natural ones [Man97]. 
At the University of Melbourne the IBIC technique was also applied to CVD diamond 
films using a 2 Me V He + microbe am that generated more charge carriers near the 
surface ( ~3.4 J,lm depth) compared to the more penetrating protons [Bec97]. They 
speculated that this led to a better signal to noise ratio, justified by the fact that their 
spectra of collected charge displayed a clearly defined peak from the induced charge, 
whereas previous measurements had shown counts versus collection efficiency to be a 
decreasing curve with no clear peaks. The Melbourne group obtained spatially 
resolved images of charge collection efficiency and found a strong correlation 
between areas of poor charge collection efficiency and grain boundaries previously 
identified using SEM images. Those images showed that some grains present a 
superior charge collection efficiency even compared to adjacent grains. To explain 
this phenomenon they postulated that the metal-diamond contact resistance depends 
on the crystallite orientation, so that even adjacent grains can show an ohmic or 
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Schottky behaviour. It is important to note that a near breakdown voltage was applied 
across the detector to "condition" their CVD diamond sample before they could 
obtain any IBIC signal [Bec97]. 
In recent years the Radiation Physics group of the University of Surrey have 
performed IBIC analysis of individual CVD diamond grains in a single-sided 
radiation detector as part of the development of polycrystalline diamond radiation 
detectors [BreOO]. 
They found that a good correlation was shown between regions of high measured 
charge collection and large crystallites as observed in SEM images, and regions of 
low charge collection corresponding in some cases with regions of small crystallites. 
In a subsequent paper they showed both IDIC and IBIL images of the same regions of 
CVD diamond detectors, enabling the radiative and non-radiative behaviour of 
individual grains to be distinguished. They made use of a CVD diamond radiation 
detector fabricated in a coplanar geometry. This geometry was first described by 
Bergonzo et al.[Ber98] and is predominantly sensitive to charge transport close to the 
diamond growth surface. The images showed good resolution and the presence of 
high charge collection efficiency crystallites, having on average a width of 10-20 !-lm 
[SelOO]. 
5.2.4 IBIC Experimental Results 
Within the context of developing new materials for semiconductor imaging detectors, 
we have studied the response uniformity of radiation sensor DF3 fabricated from 
polycrystalline CVD diamond film. Maps of pulse height uniformity have been 
acquired with a high resolution imaging nuclear microprobe at I.T.N. in Lisbon and at 
Surrey University, using the technique of Ion Beam Induced Charge imaging (IDIC). 
In this technique a 1 !-lm diameter focussed beam of alpha particles is raster-scanned 
across the sample and the resulting image shows the mean pulse height of events 
detected in the diamond sensor. With suitable calibration these data provide a map of 
the mean charge drift distance in the material. As expected from polycrystalline 
material, the images show a strongly non-uniform response to incident radiation 
corresponding to the underlying crystallite structure. The spatial scale of this non-
uniform response distribution is highly dependent on the material quality and 
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crystallite size of the CVD diamond film, and in this chapter we present the results 
obtained from the detector DF3 with crystallites of approximately 100 /lm diameter. 
For IBIC studies the coplanar geometry allows the direct measurement of the lateral 
charge drift within crystallites and the characterisation of the effects of the crystallite 
boundaries. By contrast, detectors with a more conventional ' sandwich ' electrode 
structure with planar contacts on both sides of the diamond film produce a pulse 
height due to charge drifting through the thickness of the film. This signal is 
consequently influenced by any variation in the material quality in the bulk, 
particularly towards the 'substrate' surface of the film. 
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Figure 5-11: Comparison between BSE and CL image of the inter-digitated diamond sensor DF3 
fabricated from high quality diamond film where the average crystallite dimension is approximately 
100 /lm . The image was taken of the growth surface of the film, which was polished. The device has a 
100 /lm inter-electrode gap and a 100 /lm electrode width . 
The response uniformity across the surface of the devices was measured using the 
IBIC method [Bre96,Bre01]. The beam flux was reduced to a level where the event 
rate in the material under test was of the order of 1 kHz. The beam was focussed to a 
spot size of approximately 1 /lm, and the beam optics varied to alter the field of view 
from a few millimetres to <100 /lm. Induced charges generated by each alpha particle 
interaction in the material were measured using a conventional charge integrating 
preamplifier coupled to a shaping spectroscopy amplifier. A dedicated data 
acquisition system accumulated a pulse height spectrum at every pixel in the image 
for subsequent analysis. A two-dimensional image was displayed of the mean energy 
of the spectrum at each pixel position , which gives a direct measure of the charge dri ft 
length in the material. Calibration of the electronics sys tem was achieved by the 
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combination of a pulser-derived offset correction, and a gain measurement using a 
silicon surface barrier detector. Using this calibration, the data can be presented in 
terms of absolute charge collection efficiency (CCE). 
Figure 5-11 and Figure 5-12 show a typical cathodoluminescence image of the high 
quality diamond sample, acquired using a Camscan Series 4 scanning electron 
microscope. The electron beam energy was 20 kV with a typical beam current of 200 
nA. The panchromatic optical signal was acquired with a blue-green response 
photomultiplier tube. The metal electrode contacts are transparent to the luminescence 
and do not appear in the CL image. Several large diamond crystallites can be seen in 
the image, identified within the boxed regions. The high intensity regions of the 
luminescence image clearly correspond to structural imperfections and grain 
boundaries in the inter-crystallite regions, as observed by previous authors and 
attributed to Band A emission [IakOO]. The back scattered electron image shows some 
contrast that appears to be uncorrelated with well-defined grains from the CL data. 
Figure 5-13 shows a broad beam cathodoluminescence spectrum from the whole area 
of the sample, carried out in a separate measurement using 6 kV electrons and at a 
temperature of 70 K. The spectrum shows a broad Band A luminescence centered at 
2.9 eV. This is similar to previous reports that show 2.9 eV emission from both 
undoped and boron-doped CVD diamond films [Wan97]. 
Figure 5-12: Comparison between cathodoluminescence and BSE image of regions of high. quality 
diamond material (detector DF3). Three large crystallites are indicated by the boxed regIOns. 
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Figure 5-13: cathodoluminescence spectrum taken across the full area of a piece of high quality 
diamond material , at a temperature of 70 K. 
Figure 5-14 shows the corresponding IDIC data taken from the same region of the 
device. The boxed regions correspond to the large crystallites identified in the 
luminescence data, and demonstrate directly that maximal charge collection efficiency 
is observed in the largest diamond crystallites. The data also show that charge drift is 
terminated at the crystallite boundaries. 
Figure 5-14: IBIC image (700 x 5001lm2) showing three boxed regions of high charge collection 
efficiency, corresponding to the large crystallites identified in Figure 5-1 2. 
Figure 5-1S(a) shows a high magnification IDIC image of the large crystallite marked 
in the previous figure. In this case the diameter of the crystallite is approximatel y 150 
~m . The bias voltage applied to the device was 370 V. The central region of the 
crystallite exhibits a very large and uniform charge collection efficiency, equal to 
100±5%. Figure 5-1S(b) shows a line profile through section A- A where the mean 
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pulse height is plotted as a function of position for two different bias voltages. At 200 
and 370 V bias the pulse height distribution is very similar, indicating that the charge 
drift lengths are bias independent in this range of electric field strengths. This 
provides additional evidence that the charge drift distances are being limited not by 
the 'on-values of the material, but by the crystallite boundaries. Figure 5-16 shows a 1 
x 1 mm2 image of figure 5-15 (a) and a multi-grain IBIC line scan across the different 
quality crystallites. 
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Figure 5-15: (a) High magnification IBIC image (200 x 200 Ilm2) ofa s.ingle large diamond c~ystallite , 
(b) line scan across section A-A showing uniform mean pulse heIght across the crystalhte. 
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Figure 5-17: single crystallite spectrum, detector DF3. 
Figure 5-18 shows the resulting rure image of one of the largest crystallites identified 
in the device DF3 , which was acquired with an applied bias voltage of 370 V. The 
image has a field of view of approximately 150 /--lm x 150 /--lm. This crystallite has 
dimensions of approximately 120 /--lm x 120 /--lm, and is located centrally between a 
pair of surface electrodes. 
The central region of the crystallite clearly shows a uniform area of maximum pulse 
height, where the lateral charge drift distance is greatest. The edges of the crystallite 
are clearly marked by a sharp drop in signal amplitude corresponding to boundary 
regions where the deposited charge has a very short drift length. The regions of 
diamond outside the crystallite show significantly lower average pulse heights, 
suggesting higher defect densities in these regions. 
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Figure 5-18: 2 Me V proton IBle image of one of the largest crystallites identified in the device DF3. 
To correlate the IBIC data directly with the distribution of radiative centres and with 
crystallite morphology, a room temperature cathodoluminescence image (Figure 5-19) 
was taken from the same crystallite. Due to differences in the field of view of each 
image, the aspect ratio and size of the two images are only approximately matched. 
The cathodoluminescence system was sensitive to the blue-green region of the 
spectrum, so covering the dominant Band A emission previously reported from 
undoped diamond film covering a broad band between 2.2 - 3.1 eV. This band has 
been attributed to the presence of dislocations in undoped film [RzeO 1, IakOO, TakO 1 J, 
and has been previously measured in this sample to have a peak emission at 2.9 eV 
[Se102]. 
The physical structure and orientation of the crystallite identified by the 
cathodoluminescence data confirms that the maximum charge drift lengths observed 
by IBIC are observed in the centre of the crystallite. In this region the carrier lifetimes 
are long and radiative recombination is minimal. The regions immediately outside the 
large crystallite consist of small crystallites that exhibit both intense luminescence and 
poor charge signal amplitude. Although the registration of the two images is not 
exact, it can be seen that there also exist regions of low luminescence where the IBIC 
signal is also missing, ie. Where non-radiative recombination is dominant. 
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Figure 5-19: Cathodoluminescence image of the largest crystallites of figure 5-18 
The excellent spatial resolution of the IBIC technique allows a precise investigation of 
intra-crystallite charge transport properties within selected regions of a diamond 
crystallite. Figure 5-20 shows pulse height spectra extracted from four regions in the 
crystallite, corresponding to (A) an area of maximum charge signal in the centre of 
the crystallite, (B) an area towards the edge of the crystallite, (C) and (D) areas 
outside the crystallite, as indicated in Figure 5-14. Regions A, B, and C show pulse 
height spectra with well defined peaks, with that of region A having the largest peak 
centroid and smallest FWHM peak width (8%). The peak centroid positions in regions 
Band C correspond to 75% and 61 % of the peak centroid position in region A. 
Region D shows a broad spectral shape with a poorly resolved peak, and a peak 
centroid position approximately 36% of the peak centroid in region A. 
The peak width in each spectrum increases in the sequence A to D, which is due 
mainly to nonuniform response within each gated region. Figure 5-17 shows the pulse 
height spectrum as a function of applied bias on the diamond sample of region A, 
where the crystallite response is most uniform and so shows the smallest peak width . 
The pulse height spectrum has been calibrated in terms of charge collecti on 
efficiency, using Rutherford backscattering spectroscopy and radioi sotope cali bration 
data measured by a silicon radiation detector. The values used for the electron-hole 
pair creation energy in silicon and diamond were 3.6 and 13 eV/ehp respecti vely. The 
CCE value of the peak centroid in Figure 5-17 increases as a function of applied bi a , 
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and tends to saturate at high bias reaching a maximum value of 100% CCE at -200V 
(corresponding to E = 2.0 V//J-m). 
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Figure 5-20: pulse height spectra extracted from four regions in the crystallite, corresponding to (A) an 
area of maximum charge signal in the centre of the crystallite, (B) an area towards the edge of the 
crystallite, (C) and (D) areas outside the crystallite, as indicated in Figure 1. 
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Figure 5-21: Pulse height spectra extracted from a different region of the device using a 2 MeV helium 
beam within the centre of a crystallite. 
In a second set of measurements, IDIC images were acquired from a different region 
of the device using a 2 MeV helium beam. Figure 5-21 shows pulse height spectra 
extracted from a single small region within the centre of a crystallite, as a function of 
applied bias on the diamond sample. The CCE value of the peak centroid in Figure 
5-21 increases as a function of applied bias, and tends to saturate at high bias, 
reaching a maximum value of 78% CCE at -250V (corresponding to E = 2.5 V/llm). 
5.2.5 Summary 
We have presented high resolution IBIC and cathodoluminescence imaging of CVD 
diamond radiation sensors D 1 and DF3 that directly identify regions of high pulse 
height response with large individual diamond crystallites. The lateral near-surface 
field profiles produced by the single-sided coplanar electrode geometry allow us to 
observe charge transport across individual diamond crystallites, which demonstrates 
that charge transport in these regions is not limited by low field strength or low Il't-
product within the crystallites but by the crystallite boundaries and by regions with a 
high concentration of dislocations. In the central regions of large crystallites local 
charge collection efficiency values of 100% are observed. 
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The data suggest that the performance of pol ycrystalline CVD diamond sensors is 
being limited in terms of charge drift length by the average size of the crystallites. 
Improvements can be gained by the use of thinner material or closer spaced electrode 
structures such as the fabricated BG20. However the use of polycrystalline film with 
larger grain size and hence fewer grain boundaries is expected to give more 
significant performance improvements. 
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6 Conclusion 
We have fabricated and characterised coplanar, inter-digitated electrode CVD 
diamond detectors. We employed two different approaches for the making of the 
electrodes: metal evaporation and graphitisation. 
The first batch of detectors D 1 and DF3 were fabricated using standard 
photolithographic techniques, evaporating chromium to form inter-digitated metal 
electrodes with a width and distance between the fingers of 50 and I 00 ~m. The 
contacts were deposited on the growth-side of the CVD diamond samples to take 
advantage of the higher quality and bigger average diameters of the crystallites 
compared to the poorer quality of the nucleation-side crystallites. 
The second batch of detectors 'BG' was fabricated without the metal evaporation 
step. Instead, the samples were ion-implanted with boron ions at a dose of 2 x 1016 
ions/cm2 and energy of 70 keY. Upon annealing at a temperature of 700°C for 4 
minutes the heavily damaged implanted areas of diamond turned into conductive 
graphite electrodes. At the edge of the graphitised areas the lightly damaged areas 
reverted to a diamond structure incorporating boron ions as p-dopants. The distance 
between the electrodes and their width for the 'BG' devices were 5, 10, 20 and 50 ~m. 
All the CVD diamond detectors were characterised using 1-V measurements, 
photocurrent response to 30 kV(peak) X-rays, and response to alpha particles. The DF3 
device was also characterised using the Ion Beam Induced Charge microscopy 
technique. 
The devices D1 and DF3, both fabricated usmg chromium evaporated contacts, 
exhibited a very high resistance and small dark current, and appeared to be ohmic and 
stable over a large voltage range up to 500 volts for the D 1 device, and up to around 
300 volts for the DF3 device. The D1 device exhibited a resistance of 1.2 x lOll Q but 
appeared to be very sensitive to light. The DF3 device exhibited an extremely high 
resistance of 1.2 x 1014 Q. The boron implanted graphitised device BG5soi0 was 
characterised by a low resistance of 7 x 107 Q, perhaps due to short circuits, that 
dropped to a value of 8.5 x 105 Q after its annealing. The BG10soi0 device was 
characterised by a much higher resistance than the BG5so10. Its value was greater 
than 1 x lOll Q and dropped to an extremely low value of 6.5 x 104 Q after annealing. 
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Notably there was an increase of four orders of magnitude in the value of the 
resistance after the etching of the BG 10solo device. The BG5 device was very 
unstable and highly noisy due to difficulties in its fabrication because of the small 
distance of 5 ~m between interdigitated electrodes. This helped to create flaws and 
overlap of the electrodes. The BG10, BG20 and BG50 devices all exhibited a 
resistance value before annealing of around 10lO Q. After annealing the respective 
values for their resistance dropped respectively to 1 x 106 Q, 1 X 107 Q and 2 x 108 
Q. This difference of one order of magnitude between them is probably due to the 
distances between their electrodes of 10, 20 and 50 ~m, respectively. After their 
annealing their I-V curves also exhibited a fair linearity over a different of voltages. 
The early fabricated D1 and DF3 detectors exhibited a linear response to X-ray 
photon fluxes at different dose rates, but they displayed a large increase of their 
current response and dark current when illuminated with white light, moreover the 
signal only became stable after more than 30 minutes. Their response was also 
dependent on their priming history: when primed they showed a slower response to 
the X-ray flux. This effect was reversed when the detector was exposed to white light. 
The photocurrent response of the detectors 'BG' fabricated using boron implantation 
and graphitised contacts exhibited different behaviours. The BG10 device was very 
noisy, unstable, highly sensitive to light and its response to X-rays was erratic. 
The CVD diamond detector BG50 exhibited a linear and stable response to X-rays, 
with fast response time and fast signal decay to low dark current level. The BG50 
appeared to be sensitive to light, which caused an increase in the signal amplitude and 
dark current but didn't seem to affect the linearity and stability of the detector 
response. 
The detector BG20 displayed excellent discrimination between different dose rates of 
X-ray beams with a signal to noise ratio of 100. Its response times were very fast as 
was the time needed to revert to its very low dark current values. The BG20 was 
completely unaffected by light and its response was stable in time. The CVD diamond 
detector BG20 seemed to display excellent characteristics as a solid state X-ray 
dosimeter. 
In the detectors' response to 241Am alpha particles, the early fabricated DI (50 !lm 
chromium evaporated contacts, small crystallites) displayed a spectrum with a clear 
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peak of 15 % mean charge collection efficiency and maximum efficiency of 36 O/C:. 
Detector DF3 (100 !lm chromium evaporated contacts, large crystallites) displayed no 
clearly defined peak due to its wider contacts but recorded 67 % maximum charge 
collection efficiency due to its larger crystallites. 
Detector BG 10 (10 !lm boron graphitised contacts, large crystallites), showed a mean 
charge collection efficiency of 77 % and maximum charge collection efficiency of 
100 0/0, but high noise counts. The detector BG20 (20 !lm boron graphitised contacts, 
large crystallites) showed a mean charge collection efficiency of 56 % and maximum 
charge collection efficiency of 100 %, and low noise counts. The detector BG50 (50 
!lm boron graphitised contacts, large crystallites) showed a mean charge collection 
efficiency of 50 %, a maximum charge collection efficiency of 100 % and low noise 
counts. The increase in mean C.C.E. from BG50 to BG 10 is attributable to the smaller 
contact spacing that allows better spectroscopy resolution but higher noise. The BG 
devices have achieved one of the highest mean and maximum C.C.E. values among 
CVD alpha particle detectors to date. 
We have also studied the CVD diamond radiation sensor DF3 using high resolution 
IBIC and cathodoluminescence imaging that permitted the direct identification of 
regions of high pulse height response with large individual diamond crystallites. The 
lateral near-surface field profiles produced by the single-sided coplanar electrode 
geometry allowed us to observe charge transport across individual diamond 
crystallites. This demonstrated that charge transport in these regions is not limited by 
low field strength or low /-l't-product within the crystallites but by the crystallite 
boundaries and regions with a high concentration of dislocations. In the central 
regions of large crystallites local charge collection efficiency values of 100% were 
observed. 
The IBIC data suggest that the performance of polycrystalline CVD diamond sensors 
is being limited in terms of charge drift length by the average size of the crystallites. 
Improvements could be gained by the use of closely spaced electrode structures. This 
is problematic to achieve using photolithography due to difficulties arising when the 
distance between finger electrodes is around 5 /-lm. An extreme simplification of the 
contact making process could involve using a laser beam to graphitise the diamond 
directly. This would require no photolithography, no metallisation or annealing. The 
laser beam could lay the inter-digitated electrode structures with extreme precision 
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even at sub-micron level; moreover the laser graphitisation could penetrate deeply 
below the diamond surface, creating deeply buried parallel electrode plates that would 
dramatically improve the homogeneity of the electric field between contacts, with 
consequent better spectroscopic resolution and charge collection efficiency. 
The use of polycrystalline film with larger grain size and hence fewer gram 
boundaries is expected to give more significant performance improvements. More 
importantly, the recently fabricated monocrystalline CVD diamonds will open the 
door for the construction of commercially available CVD diamond detectors with the 
ideal characteristics of the detectors made from highly selected natural diamonds. 
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Appendix A 
Summary of the Photolithography Process 
1. Cleaning of the sample: 
-20 ml sulphuric acid + 5 g potassium nitrate 
-boil the mixture for 5 minutes @ 300°C 
-allow to cool and then decant the liquid from the beaker 
-wash several times in deionized water 
- dry the sample with a dry air duster and then wrap it in Yellin (or similar) lint-free 
tissue for storage 
2. Place the sample on the chuck of the spinner, then switch on the vacuum. Gently 
blow the sample using the nitrogen gun (to remove any dust that might have 
accumulated). Apply the chosen photoresist (AZ 4330 A), press start, the spinner will 
now spin at your chosen speed for the chosen period of time (you must set the spin 
speed using a scrap piece of silicon, and the time before you use your sample). 
3. When the spinner has stopped, remove the sample and place on the hot plate for a 
maximum of 40 seconds (check that the hotplate is set at 100°C). 
4. The sample is now ready for the mask aligner (exposure 3.6 seconds). 
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5. After the sample has been exposed, it is then developed using AZ 326 MIF 
developer (1 minute 30 seconds at 20 DC). Then rinse your sample using D-I water, 
and blow dry using the nitrogen gun. 
6. Check that the sample has been fully developed, by using the microscope. If it is 
OK then place the sample on the hot plate for no more than 10 minutes @ 100 DC. 
The photoresist that has been used to make the diamond detectors is the AZ 4330 A 
from HOE CRT CELANESE Corp. 
The product designation of AZ photoresists contains different information: the first 
two digits indicate the resist-series, in this case AZ 4000-series (with low absorption 
for thick coatings). The last two digits indicate the coating thickness at 4000 rpm, in 
our case AZ 4330 means that this type will give a thickness of 30 )lm at 4000 rpm. 
There is a quite simple equation to calculate coating thickness from one measured pair 
of spin speed and thickness. Assume: 
d(t) = target thickness 
rmp( t) = target spin speed 
d( 1) = measured thickness 
rpm( 1) = measured spin speed 
then: rpm(t) = rpm(l) * [d(l)/d(t)] 2 
will give the target spin speed for target thickness. 
AZ 4000 resists respond to radiation in the range 310-450 nanometers. The absorption 
maxima are at 350 and 398nm. 
METAL DEPOSITION AND ANNEALING 
1. Now the sample is ready for the metal deposition using the evaporator. Deposit 
first ~50 nm of Chromium. 
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2. After metal deposition place the sample in solution for LIFT -OFF in acetone. 
3. After LIFT -OFF take the sample to the optical furnace for annealing. Choose 1 
minute to reach 400 C from room temperature, then keep the temperature at 400 C for 
10 minutes (this process is done in a nitrogen atmosphere). 
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